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FOREWORD 

The Government of Canada and the Government of the Province 
of Ontario on August 13, 1971 entered into an agreement to ensure that 
the water quality of the Great Lakes Is restored and protected. An 
important financial provision of the Agreement was the funding of a 
research program directed towards reducing the cost of waste treatment 
and ensuring that the latest technological advances were publicized to 
achieve the specific water quality objectives set out in the Agreement. 
A number of research projects have been funded since 1972, both in-house 
and by external contracts, to investigate and achieve high quality 
effluents from sewage disposal plants. 

The Seminar on High Quality Effluents held in early December, 
1975 was planned with two axioms in mind, namely: a particular environmental 
area can assimilate only a finite quantity of pollution; and, with the 
inevitable increase in the production of pollutants resulting from 
economic growth and urbanization, the degree of treatment must be 
improved- 

In many instances, conventional treatment for the control of 
waterborne pollutants is no longer adequate and higher degrees of treatment 
are being sought. Lower levels of contaminating materials in sewage plant 
effluents are being required than can be achieved by secondary treatment. 

The seminar was designed to discuss, in a practical and economic 
way, many of the questions concerning the need for higher quality effluents. 
The program was divided into three areas: environmental concerns; 
upgrading under conditions of hydraulic overload; and, upgrading under 
conditions of more stringent requirements. Topics discussed were surface 
water management, water resources assessment, wastewater treatment by 
disinfection, chemical addition, filtration and biological systems. 

Results of research projects funded under the Canada-Ontario 
Agreement were discussed by approximately two dozen authors and researchers 
presenting 13 papers. 

The attendance at the seminar was composed of over 200 registrants 
comprising approximately 20% from industry, 1S% from the consulting 
sector, 15% from universities, 20% from the federal government and 20% from 
the provincial government. 
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The papers presented in these Proceedings should serve as a 
useful reference in the area of improving effluents from sewage disposal 
plants. 
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AVANT-PROPOS 

Le 13 aoQt 1971, les gouvernements du Canada et de 1 'Ontario 
concluaient un accord pour la restauratJon et le maintien de la quality 
des eaux des Grands lacs, Une importante clause de cet accord concei — 
nait le f i nancement de recherches visant S la reduction de couts du 
traitement des eaux us6es et sttpulait que les decouvertes techniques 
les plus r^centes devraient §tre rendues publiques afin que les objectifs 
de quality des eaux mentionnfes dans le texte de 1 'accord fussent 
attaints. Depuis 1972, on a alnsi subventionnfe un certain nombre de 
travaux de recherches, entrepris par les gouvernements ou 3 contrat, 
pour 1 'obtention d'effluents d'usines de traitement des eaux us6es qui 
soient d'un haut niveau de quality. 

Le SSminaire sur les effluents de quality qui a eu lieu au 
d€but de d^cembre 1975 Stait fond6 sur deux axiomes: un secteur de 
1 'environnement donnS ne peut assimiler qu'une quantity llmltfee de 
polluants; et M faux pousser le traitement, 6tant donng la hausse 
inevitable de la production de polluants, attribuable 5 la croissance 
6conomlque et 3 1 ' urbanisation. 

En maintes occasions, le traitement classique des polluants 
de I'eau ne suffit pas et 1 'on cherche S 1 'accentuer davantage. La 
puret6 que 1 'on cherche 5 obtenir pour les effluents des installations 
de traitement est supferieure 3 celle que peut donner le traitement 
secondai re. 

L'objet du S6minatre 6tait d'aborder de fa^on pratique et 
6conomique les nombreuses questions que soul^ve la n6cessit6 d 'obtenir 
des effluents de meilleure quality. Trois themes ont 6t§ touches: 
la question de 1 'envi ronnement ; 1 'am61 iorat ion de la quality dans les 
conditions de surcharge hydraulique; et 1 'am§l iorat ion de la quality 
quand les exigences 3 cet effet sont plus striates. Les discussions 
ont port6 sur la dfesi nfection, le traitement chimique, la filtration 
et les dispositifs biologiques. 

Les resultats des recherches financ6es aux termes de 1 'Accord 
Canada-Ontario ont fait l'objet de 13 exposes presentfes par deux douzaines 
d'auteurs et de chercheurs. 
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Parmi les 200 personnes inscrites au s6minaire 25^ venaient de 
bureaux-consei Is, 15^ d 'universit^s et 20? respect! vement de 1' Industrie, 
du gouvernement f6d€ral et de gouvernements des provinces. 

Les exposes devraient servir de documentation ^ ceux qui 
oeuvrent dans le domaine de 1 'amfilioration de la quality des effluents des 
installations de traitement. 
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SURFACE WATER MANAGEMENT IN ONTARIO 

by 

S.E. Sal bach 
Supervisor, Planning and Co-ordination Section 
Water Resources Brancti 
Ministry of the Environment 

Whenever water resources are scarce, choices have to be made 
to ration them among competing uses and users. In Ontario, water is made 
available for various users through a mixture of arrangements and proce- 
dures based on common law and provincial legislation. 

There are two primary dimensions of surface water as a valuable 
resource. One is its physical quantity which is useful in both withdrawal 
uses, such as domestic consumption, industrial processes and irrigation, 
and in-place uses, such as power generation, navigation, recreation and 
aquatic life. The other dimension is its capacity to absorb and disperse 
waste, which Is commonly referred to as the assimilative capacity of the 
watercourse. 

RIPARIAN RIGHTS 



The common law doctrine of riparian rights is confined to access 
and use. The riparian has no property right in the water resources him- 
self, except that portion of it which he appropriates and uses. He is 
not required to use water, in order to preserve his riparian right. 
However, riparians are limited in the amount of water they may use. 
"Ordinary use" of water, including amounts that are reasonably necessary for 
domestic and livestock needs, may be made by a riparian without regard to 
the effect on downstream users. 

The most important provision of riparian law pertaining to 
water quality relates to the protection from activities of others who 
interfere with their right to claim water. All riparians are entitled 
to the natural streamflow essentially undiminished and unaltered in character 
or qual i ty . 



PROVINCIAL LEGISLATION 

The common law rules involving riparian rights are modified by 
the water-taking permit system set out in the Ontario Water Resources Act. 
This Act places the responsibility for supervising all the Province's 
waters in the Ministry of the Environment. The permit system leaves 
"ordinary" users in their common law position without requiring them to 
obtain a permit. But all users, with a few exceptions, for other purposes 
whose works were constructed or expanded after March 29, 1961 and whose 
withdrawal exceeds 10,000 gallons per day must obtain permits. Permits 
in themselves confer no private right to water use. 

On a given watercourse, permits are granted on a first-come 
first-serve basis subject to several constraints and priorities. First, 
high priority is attached to protection of the supplies of ordinary users. 
Second, other extraordinary users who already hold permits are usually 
protected. 

A major constraint In Issuing permits relates to what is 
termed as "natural functions of streams". The objective Is to avoid 
making allocations which would impair the ecological balance of the 
watercourse. 

As permits must often be issued with imprecise data about stream- 
flows, terms and conditions are attached to permits to protect downstream 
users during periods of inadequate streamflow. For example, permits may 
require reductions In withdrawal rates during periods of shortage, and some 
permits contain a scale of withdrawal rates ranging from the maximum rate 
to zero. If shortages develop, each permittee is required to reduce his 
taking. 

The main legislative Instrument for regulating water quality In 
the Province is also the Ontario Water Resources Act. The basic legis- 
lative device Is the approval required by the Ministry of the Environment 
for any disposal work. Approval of the work depends upon Its design per- 
formance which In turn is judged through the Guidelines and Criteria for 
Water Quality Management in Ontario. This approval procedure, thus, links 
effluent treatment and equipment standards with environmental requirements. 

The Ministry has a variety of strong general powers to prohibit 
any waste discharge whatsoever. For example, the Minister can apply for 
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an injunction to restrain the discharge of any material which in his 
opinion threatens water quality. It is a policy of the Ministry to reserve 
the use of this power for emergency situations only. The Act also prohibits 
any person or municipality from discharging any material which may impair 
water quality. Water is deemed to be impaired if the discharges cause 
injury to any living thing. 

Superimposed on the receiving water criteria, the Ministry aims 
at the best practical treatment or control adequate to protect, and when- 
ever possible, upgrade water quality. Municipalities are required to 
develop waste disposal systems where individual private systems prove to 
be Inadequate and cause water quality impairment. Primary treatment Is 
now the minimum requirement, with secondary treatment and certain specific 
measures required where the assimilative capacity of the receiving water 
is less adequate. 

Additional provincial legislation are the Environmental Protec- 
tion Act, which stresses the environmental and sociological aims of 
pollution control policy, and the Environmental Assessment Act. This 
Act received on July 1^, 1975, third and final reading by the Provincial 
legislative assembly and represents the cornerstone of environmental 
planning and protection in Ontario. 

Other provincial statutes, such as the Lakes and Rivers Improve- 
ment Act and the Public Health Act, contain provisions that restrict the 
depositing of substances in water, but these are aimed at specific purposes. 
The Lakes and Rivers Improvement Act also regulates the construction and 
operation of dams and other flow regulation and diversion works. This 
Act is administered by the Ministry of Natural Resources. 

A potentially important role in water use can be exercised by 
the regional conservation authorities which, to the present, have been con- 
cerned primarily with water projects and particularly flood control works 
involving dams and river channelization. More recently, their involvement 
in flood land management and land acquisition, with recreation being an 
important concern, has increased the Importance of the role conservation 
authorities can play in water management. The authorities are organized 
under the Conservation Authorities Act which Is administered through 
the Ministry of Natural Resources. 



A feature of Ontario's administration of municipal and regional 
water supplies and pollution control is the heavy involvement of the 
Province in municipal water and sewage systems. Provincial policy provides 
for involvement in the financing, building and operation of local works. 
In order to encourage municipalities - particularly small ones for which 
the cost of service per household is usually higher - to construct 
water and sewage systems, the government has introduced financial assis- 
tance schemes. The ultimate objective of these schemes is to provide re- 
quired water and sewage facilities for all. 

FEDERAL LEGISLATION 

With regard to federal involvement, there has been an absence 
of significant federal participation in Ontario water resource management 
apart from water boundary issues. The surge in public interest in pollution 
and environmental matters, however, has led the federal government to take 
a much greater interest in federal water resource management through the 
Department of the Environment and the Canada Water Act. 

The Canada Water Act empowers the federal government to enter 
into agreements with provincial governments with respect to any waters in 
which there is a significant national interest in their management. 

In addition, there is federal jurisdiction over certain uses of 
water, the most important being navigation and fisheries. The federal 
Parliament preserves the public right to use inland waters for navigation 
through the Navigable Water Protection Act which requires official 
permission for any obstructions to navigable water. The Fisheries Act 
provides the federal Minister of the Environment with powers to control 
the obstruction of fish streams. However, the Ontario Ministry of Natural 
Resources effectively manages the commercial and sports fisheries in the 
Province. Also, through the Fisheries Act, regulations are made prescri- 
bing substances and quantities or concentrations that are deleterious. 
The federal government has begun to pass discharge regulations, such 
as those for the pulp and paper industries, that make the most important 
federal contribution to water quality control. Generally, in Ontario, 
the provincial discharge requirements are more stringent than the 
federal ones. 



With regard to the international boundary waters of the Great 
Lakes, the International Boundary Waters Treaty Act was enacted to ratify 
the International Waters Treaty of 1909 with the United States. The Act 
is aimed at preventing and providing the means for adjusting and settling 
disputes between Canada and the United States over the use of waters along 
their common border. Towards this end, the International Joint Commission 
was established. The main driving force for the commission as far as water 
quality control is concerned is the following statement contained in the 
treaty of 1909: 

"It is further agreed that the waters herein defined as 
boundary waters and waters flowing across the boundary 
shall not be polluted on either side to the injury of 
health or property on the other." 

fn 1972, Canada and the United States signed the Agreement on 
Great Lakes Water Quality, by which both countries agreed to implement 
specific programs to reduce pollution from municipal, industrial, agricul- 
tural, shipping and other sources. The water quality objectives recommended 
by the International Joint Commission were adopted in the Agreement. The 
Canada-Ontario Agreement signed in 1971 was a major tool for implementing 
Canadian commitment towards the improvement of water quality in the 
lower Great Lakes. Part of this Agreement is the program of research into 
pollution abatement problems, the results of which at least in part will 
be highlighted later on in the program of this Seminar. 

A particular problem identified in the lower Great Lakes system 
was the eutrophication of waters. Regulations under the Canada Water Act 
have already been used to reduce the content of phosphorus in household 
detergents. In addition, a major thrust of the funds provided for in the 
Canada-Ontario Agreement was towards the control of phosphorus in municipal 
sewage effluents discharging in the lower Great Lakes basin. 

The above general outline of common law and provincial and 
federal legislation which directly affect water use and water management 
is followed by a more specific detailed description of how the "Guidelines 
and Criteria for Water Quality Management In Ontario" are applied by the 
Ministry of the Environment. 



POLICY GUIDELINES FOR WATER QUALITY MANAGEMENT IN ONTARIO 

In 1967, the former Ontario Water Resources Commission (OWRC) 
announced its "Guidelines for Water Quality Management in Ontario", 
and published them together with water quality criteria for various uses. 
Application of these criteria to water used within drainage basins and 
the management of water quality to allow as many uses as practicable 
became the basis for defining pollution control measures. 

The policy Guidelines reflect the fact that any watershed is 
characterized to a significant degree by its water uses and abuses to 
water quality. To have a multiplicity of uses and maintain water quality 
is a direct function of urbanization, "people pressure": i.e. people 
pressure for more housing, recreation, boating, swimming, fishing, 
hunting and aesthetics; pressure for water supply both public and 
industrial; pressure for waste disposal, both municipal and industrial; 
pressure for navigation; and, pressure for total and supplemental 
irrigation. As a result, the issue of single-purpose, as opposed to 
multi-purpose use, has essentially become academic with respect to 
this Province's water resources. The real question is how to manage 
the multiple use watershed areas, including land and water uses, while 
allowing as many beneficial uses as practicable. 

The Policy Guidelines of 1967 formalized In Ontario the concept 
of management on a drainage basin or watershed basis. in many cases, the 
dominant factor in determining how to manage watershed areas Is water 
quality. Each use, whether for municipal. Industrial, agricultural or 
recreational purposes of fish and wildlife habitats can Impose some 
pollutant burden or demand on the water quality level. For the develop- 
ment of a watershed management plant, the various existing or potential 
uses of water In a drainage basin are determined and water quality criteria 
selected for these uses. Objectives and/or standards of receiving water 
quality are then established to protect these uses and effluent requirements 
or use restrictions are set to achieve or maintain the desirable water quality. 

Although water quality is in many cases a dominant water manage- 
ment problem, flooding, and streamflow regulation to allow for water supply, 
irrigation, the dilution of wastes, and protection against flooding and 
erosion, fishery management, etc. are all part of the complex Interrelated 
problems which potentially require resolution. It is through the ever 



widening concept of water management that drainage basin studies are not 
only interdisciplinary, but involve the many agencies which have legisla- 
tive control of the various aspects and interests outlined earlier and 
involve the private, local sectors of the public through public 
consultation programs. 

The development of a management policy for a water resource, 
talcing into consideration the total river basin, is a formidable and 
expensive tasit. It not only involves a systematic analysis of the Total 
basin's water resources, but also includes a review of land uses and 
their impact on water quality or their requirements for water quality. 

The complexity of water management on a basin-wide basis is 
well illustrated by the overall objective of the Thames River basin 
study which reads: 

"To develop guidelines for water management planning in 
the Thames River Basin which would ensure that an adequate 
quantity of water at a satisfactory quality is provided 
for the recognized water uses in the river basin at the 
lowest cost and that flood and erosion protection is 
provided consistent with appropriate benefit-cost criteria." 

A particularly strong feature of provincial policy in Ontario 
is the central importance given to the quality of receiving waters, 
thus acknowledging the need for flexibility in determining allowable 
waste inputs in the light of the varying assimilative capacities of 
lakes and rivers. Of course, the assimilative capacity varies directly 
with water uses and their quality and quantity requirements. One 
criticism that can be levied against this approach of determining the 
assimilative capacity is that the use of technical criteria fails to 
take cognizance of the relative value of the various public and private 
uses. 

My following talk dealing with the Thames River will provide 
an insight into the problem areas and procedures used by the staff of 
the Ministry of the Environment and the many other agencies involved, 
such as Housing, Treasury, Economics and Intergovernmental Affairs, 
Agriculture and Food, Natural Resources, Health, etc., the local 
Conservation Authorities and the public in general, in the establishment 
of simple or complex water quality management plans and, specifically, 
pollution control requirements for municipalities. 



WATER RESOURCE ASSESSMENT TECHNtQUES 

fey 

J.G. Ralston and D.S. Osmond 
Ontario Ministry of the Environment 

One of Ontario's major challenges is the management to satisfy 
various use pressures of its relatively abundant supply of fresh water. 
Since the early days of urbanization and industrialization, Ontarians have 
taken it for granted that they can settle almost anywhere, build, expand 
and dispose their sewage and industrial wastes into the nearest water- 
course and be assured that they will have a cheap supply of good, clean 
water for drinking and not have to travel too far to swim or fish in 
a crystal clear lake or stream. 

This attitude is changinti; we have begun to realize that many 
of our important rivers, lakes and groundwater aquifers have been, or 
are in danger of, being contaminated to the point where they become 
unacceptable for most of our desired uses. 

The various levels of government, industry, the academic cbniitiurirty 
and concerned individuals have recognized the problem and over the past 
few decades have taken great strides to develop and implement equipment 
and techniques to reduce the discharge of polluting materials and 
undertake remedial actions to begin to clean-up our watercourses. 

This paper documents the evolution and current status of aquatic 
environmental survey and assessment techniques of the Ontario Ministry of 
the Environment. For the most part, attention is centred on assessment 
techniques employed for evaluating the surface water resources of river 
bas ins . 

HISTORY OF WATER RESOURCE ASSESSMENT IN ONTARIO 



Protection of the province's water resources rested in the 
hands of the Ontario Department of Health until the mid-1950's, the 
Ontario Water Resources Commission until the early 1970 's and today, the 
Ministry of the Environment. 

In the early days of environmental studies in the 1940's and 
50' s, investigators concentrated on bacterial, solid and organic (BOD) 
material discharges, usually from municipal or private sources and, in most 



cases, limited evaluations of the "polluting" impact to public health and 
basic aesthetic aspects in the immediate vicinity of the discharge. 
General water quality surveillance programs were for the most part limited 
to one or two grab samples per year at convenient access points along the 
major river systems and at a few key locations along the Great Lakes 
shore 1 i nes. 

Municipal pollution surveys were undertaken as problems were 
Identified throughout Ontario to assess the impact of malfunctioning 
septic tank systems, industrial discharges and other sources of pollution. 
Such studies often led to the recommendation of a comrounal sewage 
collection and treatment system. 

Waste treatment requirements as they related to the receiving 
capabilities of a watercourse were usually determined by calculating the 
streamflow to sewage dilution ratio. As a rule-of-thumb , secondary waste 
treatment and a streamflow to sewage ratio of five or six to one or an 
instream BODj. of 4 mg/1 were considered acceptable and the minimum 
dissolved oxygen objective of the day, h mg/1, would likely not be 
violated, 

A general strategy employed by the province was to construct 
secondary treatment facilities (activated sludge, trickling filters, 
waste stabilization lagoons, etc.) for municipalities discharging to 
inland watercourses and primary sewage treatment plants in communities 
along the Great Lakes. 

While the survey and assessment procedures of the past, in compari- 
son to today's technology, may seem to be crude and the basis for selecting 
waste treatment modes scientifically and economically unsound, the fact 
Is that Ontario was among the leaders in this relatively new field and the 
engineers and sceintists who led the way placed this province well ahead 
of most other North American jurisdictions in providing sewage treatment 
facilities and abating pollution. 

in the early 1960's the Province of Ontario through the Ontario 
Water Resources Commission recognized the need for establishing groups of 
water resource specialists who were specifically responsible for investi- 
gating the physical, chemical and biological impacts of wastewater dis- 
charges on water quality and quantity. While working closely with the 



sanitary or industrial waste engineers who were primarily interested in 
the "in plant" treatment processes, these specialists initiated their inves- 
tigations at the "end of the pipe", gearing waste treatment requirements 
to the level of water quality required to support various water uses. 

Principal responsibilities of this new group of scientific 
and engineering staff included three major areas. Firstly, pollution problems 
were identified by locating the source, magnitude and impact on water 
uses of existing (and potential) wastewater inputs. Secondly, remedial 
requirements were defined by establishing guidelines setting forth accep- 
table waste discharge rates for the various categories of "polluting" 
materials and recommending waste discharge procedures to ensure adequate 
supply of good quality water that will satisfy the requirements for all 
desired uses. 

Finally, staff were commissioned with responsibility of 
routinely monitoring the province's lakes, rivers and groundwater at selected 
locations to ensure that established waste loading guidelines, operating 
procedures and abatement programs were being carried out and that the 
desired water resource conditions were being achieved. 

WATER RESOURCE ASSESSMENT ACTIVITIES 



1 , Surveillance and Monitoring 

One of the first activities of the Water Resources Assessment 
Group was to establish a water monitoring network where samples would be 
collected on a routine monthly (or more frequent) basis and analysed for 
a wide variety of water quality parameters. Concurrent streamflow measure- 
ments are also taken at many stations. Sampling stations are established 
downstream from most of the significant sources of pollution to monitor 
impact on water quality. Stations are also located near the mouths of 
all rivers discharging to the Great Lakes so that the impact of river 
drainage on the Great Lakes can be determined. Other key locations 
such as recreational areas of the province are sampled to determine the 
current status and trends in water quality. In 1964, when the river 
monitoring program was initiated, about l80 stations were in the network. 
Today we have water quality information for 930 stations. 
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The collection of water samples for the monitoring program is 
essentially a manual operation. Staff working out of the Regional offices, 
assisted by staff of the various conservation authorities and samplers 
hired locally in remote areas of the province, collect grab samples at 
specific locations at scheduled times. In the field, the sampler measures 
and records dissolved oxygen and temperature and, at some stations, water 
surface elevations which are later converted to streamflow. Weather 
conditions and visual observations such as ice cover, oil slicks, turbidity, 
unusual algae growth, etc., are also recorded. Samples for laboratory 
chemical, physical, biological and bacteriological analysis are collected 
in appropriate containers, "fixed" or preserved as necessary, and shipped 
or delivered to Ministry of the Environment laboratories. 

Results from the field and laboratories are collated in the 
Ministry's head office and stored in computer files. Computer print-outs 
are forwarded to the appropriate Regional office where the information 
is evaluated and made available to the public. 

Robot monitoring stations have been used at a few locations. 
These units continuously record dissolved oxygen and temperature, and some 
units also record pH, conductivity and turbidity. The data generated 
are useful in identifying short-term fluctuations in water quality caused 
by waste discharge variation, photosynthesis and respiration, etc. The 
data are also extremely useful in water quality model calibration and 
verification. Robot monitoring stations, however, do have some drawbacks 
in that they are costly to purchase and maintain and somewhat limited in 
their capability to monitor a wide range of significant pollution 
parameters . 

Based on the Ministry's experiences to date, it appears that 
the routine monitoring program will continue to operate manually and robot 
monitoring stations will be installed and maintained at a few locations 
where continuous data are required for waste discharge surveillance or 
mathematical model verification. 

2. Site-Specific Assessments Using Steady-State Mathematical Models 

At the same time as the general surveillance network was being 
set up in 196^*, the O.W.R.C. began to employ basic mathematical modelling 
techniques to determine the natural self-purification capacities of recei- 
ving watercourses. 

IT 



These [nodelling studies, each requiring a great deal of fieldwork, 
are undertaken in the affected reaches downstream from single or a combina- 
tion of waste sources. Survey reaches can extend from 4 to 6 miles in 
the case of small sewage treatment plants on small streams, to 80 miles for 
some large industrial sources such as pulp and paper mills. 

Field crews ranging from k to 15 people survey the river in 
detail. Physical information such as velocity, lateral and longitudinal 
streambed profiles, time of travel, streambed composition, river and ri- 
parian uses, etc. is collected for later use. Biological studies to 
determine effects on aquatic life and to provide a longer term indication 
of water quality are often included. The key study designed to collect 
the water quality information that, along with the physical data will form 
the basis of the model, takes the form of a 'tS to 96-hour "around-the-clock" 
survey where samples are collected at stations throughout the survey reaches 
at three to six hour intervals. These intensive studies are usually carried 
out during the critical period in the summer when streamflows are lowest 
and water temperatures highest. 

With the completion of the field investigations, the data 
collected are analysed and factors such as the rate of BOD satisfaction 
and the rate of reaeration are established. 

These coefficients are then employed in a modified form of the 
Streeter-Phel ps dissolved oxygen balance equation which in its simplest 
terms, reads: 

dD = K L - K D 

dt ' ^ 

where: D is the dissolved oxygen deficit 
t is time of travel downstream 
K, is the coefficient of BOD satisfaction 
L is the initial oxygen demanding loading 
K„ is the coefficient of reaeration 

The equation and modelling process is essentially nothing nrore 
than an algebraic sum of the sources and losses of dissolved oxygen in 
the river system downstream from a pollution source. 
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In the first few attempts at mathematical modelling, considera- 
tions of sources of oxygen were limited to the level measured upstream of 
the pollution source plus atmospheric reaeration. The only sink of oxygen 
considered was BOD satisfaction. 

As experience was gained in mathematical modelling and the 
process was accepted as a management tool , other terms were added to the 
equation such as sludge demand, photosynthesis, respiration and nitrifica- 
tion. The steady-state dissolved oxygen model now employed by the Ministry 
of the Environment is as follows: 

4^ + ^ = -KaD + KdL(x) + KnN(x) + S - P(t) + R 

ot ot 

where: 

D = oxygen deficit, mg/1 

V = velocity of streamflow, ft/sec 

t = time, days 

X = distance, ft 

1^: = aeration coefficient, day 

♦y = deoxygenation coefficient, day 

L(x) = carbonaceous oxygen demand as a function of x, given by L(x)=Lo 
e-Kr(x/v) 

Lo = initial concentration of carbonaceous oxygen demand, mg/1 

ir - oxygen demand removal coefficient, day 

N{x) = nitrogenous oxygen demand as a function of x, given by N(x)=No 
e-Kn(x/v) 

itel = initial nitrogenous oxygen demand, mg/1 

Kn = nitrogenous oxidation coefficient, day 

S = benthic bacterial respiration, mg/l/day 

P{t) = photosynthet ic oxygen source as a function of time, of the 
form P{t)=PmSin[Tr/p) (t-ts)] for daylight hours. A Fourier 
series expansion of P(t) is used. 

Pm = maximum rate of photosynthesis production, mg/1 

P = period of sunlight, days (fraction) 

ti = time of sunrise, days (fraction) 

1, = algal respiration, mg/l/day 



It is quite evident that undertaking a water resource modelling 
study to develop and Implement waste loading or river management guidelines 
can be extremely expensive and time-consuming. In cases where small sewage 
treatment or industrial discharges or other minor activities affecting water 
resources exist or are planned, full scale field and modelling studies are 
not always warranted. The Ministry has developed assessment procedures 
employing quality and quantity monitoring records, estimated reaction 
coefficients and experience gained from the larger studies. These assess- 
ments generally do not require field work and can be completed in a few 
hours or at most, a few weeks. To date, these simplified equations have 
proven to be quite adequate for such applications as determining discharge 
periods and rates for seasonal lagoons, the Impact of small additions to 
sewage treatment plants, flow regulation requirements of small reservoirs, 
etc. 

As with the constant full scale field survey and modelling tech- 
nique development and refinement, the simplified assessment procedures are 
continually being reviewed and improved. 

DEVELOPMENT OF SOPHISTICATED ASSESSMENT AND MODELLING PROCEDURES 

As water resource assessment technology evolved It became quite 
clear, particularly In southern Ontario river systems, that the impact of 
individual sources of polluting materials could not be looked upon in isola- 
tion. As well as the easily identifiable wastewater loadings from sewage 
treatment plants or Industry, other sources such as land runoff from 
urban and agricultural sources, erosion, construction activities and other 
man-made and natural sources were influencing water quality, quantity and 
use. 

The 1967 policy guidelines for water quality control in Ontario 
clearly established that the water resources of the province must be 
preserved and where necessary restored to a level for all desired uses. 

"....the use of water for assimilation and dilution of 

treated waste effluents must take into consideration the 
variety of uses including public, agricultural and indus- 
trial supply, recreation, aesthetic enjoyment and the 
propogation of fish and wildlife." 
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The increasing complexity and recognition of new waste inputs affecting 
water quality and the Ministry of the Environment's mandate to preserve 
water for all uses made it essential that assessment and modelling pro- 
cedures had to be expanded in scope, flexibility and complexity, so that 
waste loading guidelines, streamflow management procedures, instream 
structures or devices or combinations of these measures could be defined 
in much more precise terms than was needed previously. 

1 . Dynamic Simulation Modelling 

Simulation is a relatively new technique for water resource 
evaluation and planning. It has recently been employed for the first 
time by the Ministry in the Thames River Basin Study and its application 
in regard to water resource management guidelines in the Thames system 
will be discussed in a subsequent presentation. 

Simulation has an advantage over steady-state modelling in that 
it can take into account daily, weekly or seasonal variations in any of 
the physical, chemical or biological factors affecting water quality or 
quantity. A dynamic simulation model is composed of a number of inter- 
related models designed to provide predictive capabilities for any 
selected water quality parameter or set of parameters. 

In the Thames River Study for example, the primary water 
quality output was dissolved oxygen. Therefore, a variation of the dis- 
solved oxygen steady-state model discussed earlier became the principle 
modelling component supported by a number of sub-models designed to calcu- 
late short and long term variability of the components of the dissolved 
oxygen model. This permitted the calculation of resultant water quality 
under any given set of conditions or on a continuous basis throughout a 
season or year. 

In a simplified graphical example, the water quality (i.e. 
dissolved oxygen) prediction component of a dynamic simulation model is 
presented in Figure 1. This figure indicates the general capabilities of 
this type of model. All the components shown are not necessarily employed 
in every study. 

Each of the sub-models supporting the dissolved oxygen equation 
is based on data available through historical plant operations records. 
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FIGURE \ SIMPLIFIED SCHEMATIC OF INPUTS TO THE DISSOLVED OXYGEN PREDICTION PHASE OF DYNAMIC SIMULATION MODELLING 
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long-term water quality and quantity data and data collected during field 
investigations. 

There are several ways in which the simulation can out put 
Information about water quality at any specified location in the basin. 
To Identify an "event" (i.e. dissolved oxygen level depression) a reference 
point or standard must be defined. For example, the Ontario Ministry of 
the Environment's 5 rng/l minimum dissolved oxygen criterion for protec- 
tion of warm water biota may be selected as the standard. The model can 
then be used to predict the probability of violating that standard. The 
"event" can be described in several dimensions: 

a. the probability of violations occurring in a specified 
pe r I od ; 

b. the magnitude of violations; and/or, 

c. the duration of violations. 

In employing the dynamic simulation for developing water resource manage- 
ment plans, a number of options for many of the inputs to the model 
can be incorporated. For example, the level or type of wastewater can 
be varied (including zero pollutant). Improved upstream water quality 
conditions and streamflow augmentation can be included. Wastewater 
outfall relocation, channel improvements and other physical alterations 
can be considered. 

The foregoing is a general overview of dynamic simulation 
modelling, illustrating the flexibilities and capabilities of this valuable 
new water resource assessment planning tool. To restate the basic advan- 
tage of this modelling technique over others employed; simulation permits 
the incorporation of variability of modelling components and with this 
capability can predict daily, weel<ly or seasonal water resource problems 
that might otherwise be overlooked. 

RECENT IMPROVEMENTS IN ASSESSMENT PROCEDURES 

Waste load variability, photosynthesis and respiration, and 
nitrification have been incorporated Into water resource assessment 
techniques over the past few years. In many areas of the province, they 
have pronounced impact on water quality and use. 
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1 . Waste Load Variability 

A detailed evaluation of the variability of BOD^ and other 
components in a wastewater discharge is absolutely essential as the 
water quality of streams is closely related to the quality and quantity 
of waste discharge. 

Despite being designed to achieve a specified level of treatment, 
it is generally recognized that treatment plants do not discharge a 
constant quality and quantity of effluent day-by-day or even hour-by- 
hour. At most plants there is considerable variation in effluent quality. 

As an example, effluent samples from a secondary sewage treat- 
ment plant generally typical of most Ontario plants varied in quality from 
k to 55 mg/1 of BOD;., or in terms of daily loading incorporating plant flow 
rates, ranged from 38O to JkSO pounds of BOD (Table 1). 

To illustrate potential errors in modelling, it would be 
assumed that the effluent BOD concentration from an activated sludge 
plant is 15 mg/1 and from this figure it would be determined that the 
average daily BOD load is about 2100 pounds. In fact, the actual daily 
loading exceeds this average value about one quarter of the time. 

In a river system where waste loading guidelines are designed 
to meet minimum designed dissolved oxygen levels based on average or design 
effluent quality, waste loading fluctuations above the mean could have 
devastating effects on downstream quality and use. In the past, such 
occurrences were hopefully avoided by applying a safety factor ranging from 
20 to 'tO percent; that is, only 60 to 80 percent of the stream's 
waste loading capacity was allocated to waste sources. The remaining 
capacity was held in reserve in part, to protect the watercourse in case 
of plant upsets. 

At this time, it is not common practise to develop a non-steady 
state simulation model of sewage treatment plant operation. Therefore, 
plant discharge sub-models presently accepted by the simulations are based 
on statistical analyses of effluent data. A good historical record of 
plant effluent quality and quantity data is therefore desirable. In 
those cases where an effluent quality to flow relationship cannot be 
established, a probablistic distribution can be defined based on the cumu- 
lative distribution functions of the data. These statistical relation- 
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TABLE 1: SEWAGE FLOW AND BOD5 VARIATION AT A SOUTHERN ONTARIO 
SECONDARY SEWAGE TREATMENT PLANT 
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ships appear to work quite well if the regression analysis is not used 
for extrapolation beyond the range of the data used in its development. 

2. Photosynthesis and Respiration 

In both the steady-state and dynamic simulation models, photo- 
synthesis and respiration factors are included. These processes can have 
a significant influence on the dissolved oxygen levels in streams, ponds 
and lakes and are directly related to aquatic plant and algae growth. 
Photosynthesis refers to oxygen produced during the photosynthet ic 
process of aquatic plants during hours of daylight. "Respiration" 
is the term applied to the daily consumption of dissolved oxygen by 
plants. 

The daily production-consumption cycle of oxygen at any 
location in a watercourse is a function of the aquatic floral biomass 
present and sunlight intensity. Weed and algae growth are in turn 
controlled by physical factors such as substrate, river velocity, water 
temperature, turbidity and the availability of macro and micro nutrients. 

Photosynthesis and respiration can markedly affect the dissolved 
oxygen regime of a watercourse and severely restrict use. It is not 
uncommon in a productive shallow stream to measure day-time and night-time 
fluctuations of dissolved oxygen from 200 percent saturation to 20 percent 
saturation. Occasionally, complete oxygen depletion occurs during the 
early hours of the morning. Figure 2 shows diurnal fluctuations of 
dissolved oxygen in a very productive stream in southwestern Ontario. 
This is not atypical of many other aigae-choked streams in southern 
Ontario. 

The effects of photosynthesis and respiration can readily be 
incorporated into either the steady-state models or simulations and 
appropriate rates for a given level of biomass and sunlight intensity 
can be measured in the field using continuous recording dissolved 
oxygen meters. 

Biomass production is a function of physical conditions and the 
availability of key elements such as the nutrient phosphorous. Difficulties 
arise when photosynthesis and respiration terms must be predicted because 
biomass growth levels must also be predicted. In these cases, when using 
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Figure ^ 
OBSERVED AND PREDICTED DIURNAL DISSOLVED OXYGEN PROFILE 

Middle Maitland River near Listowel - August 30,1972 
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steady-state models, the highest level of biomass production in critical 
sunlight intensity conditions for the appropriate period of the year are 
employed. Predictive capabilities are improved in the simulation model 
because this system builds in the flexibility of altering the daily sun- 
light intensity conditions by selecting this term at random from a given 
range. A biomass level, however, must still be arbitrarily selected. 

Studies are currently underway by Ministry of the Environment 
staff to develop relationships between nutrient (i.e. phosphorus) levels 
in the watercourse and biomass production. When this relationship is 
established, models will be available to predict biomass levels (and 
resulting DO fluctuations) for any given nutrient loading condition, or 
nxjre importantly this relationship will permit the calculation of allow- 
able phosphorus loadings from various waste sources that will result in a 
pre-determined level of biomass production. The level of production 
itself would be based on maximum allowable diurnal dissolved oxygen fluc- 
tuations or aesthetics. 

3. Ni tri f icat ion 

The discharge of nitrogenous compounds into watercourses pro- 
duces a variety of changes in water quality. Changes not only occur in 
the various forms of nitrogen but also in those substances with which 
nitrogen reacts. The utilization of dissolved oxygen for the conversion 
of organic nitrogen (ammonia) to the stable nitrate form, the utilization 
of nitrogen in its various forms as a nutrient by aquatic plants and algae, 
and ammonia interference in wastewater chlorination are significant 
examples . 

Organic and inorganic nitrogenous compounds are found in 
municipal wastewaters, some industrial effluents, urban storm drainage 
and agricultural runoff. In some areas the natural input of nitrogen 
compounds from decaying vegetation etc., is significant. 

in water resource modelling, one of the most significant impacts 
of nitrogen compounds is the demand on oxygen resources. Nitrogen intro- 
duced to a watercourse as ammonia is oxidized under aerobic conditions by 
bacterial action to nitrite. This action requires 3''+3 grams of oxygen 
for each gram of ammonia nitrogen converted. Nitrite in turn is oxidized 
to the stable inorganic nitrate nitrogen. This process requires l.l't 
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grams of oxygen for each gram of nitrite converted. The total oxygen 
utilization in the conversion of 1 gram of ammonia to nitrate is 
therefore '♦.S? grams. 

Until recently, the nitrogen component of the ultimate bio- 
chemical oxygen demand has not been incorporated into water quality assess- 
ments. The nitrogenous portion of this total demand from a secondary 
effluent is seldom reflected in the standard 5-day BOD test. 

Reasons for this Include the fact that the carbonaceous component 
of the oxidlzable materials are satisfied first, usually within the first 
four to seven days. Secondly, nitrifying bacteria required for the 
conversion of ammonia to nitrate are either not present in sufficient 
numbers or are suppressed in treated effluent. The nitrogen component, 
however, does appear to dominate about the sixth or seventh day and is 
the largest component of the total oxygen demand from that point until 
oxygen demand is totally satisfied - usually about 20 to 25 days. 

A laboratory BOD satisfaction curve showing the carbonaceous and 
nitrogenous components is shown in Figure 3- 

In natural watercourses, the nitrogenous oxygen demand usually 
becomes a factor much more quickly because the nitrifying bacteria, inhab- 
itants of the soil, are usually available In high numbers. It is quite 
obvious therefore that the potential oxygen demand of nitrogen compounds 
in waste discharges should be determined so that correlation can be 
established between the potential BOD measured in a waste discharge and 
the actual dissolved oxygen utlizatlon as measured directly In the receiv- 
ing watercourse. 

Nitrogenous oxygen demand can be measured directly by 3 20-day 
BOD test or a nitrogenous BOD test. It can also be approximated by 
evaluating the Kjeldahl , ammonia and nitrate concentrations In a 
wastewater discharge. 

In many southern Ontario River basins currently approaching, or 
in a few cases, exceeding their oxygen consuming waste receiving capacity, 
nitrification (i.e. conversion of organic nitrogen to the nitrate form) 
can be adequately accomplished by extending retention time in the aeration 
tanks and is being specified for many new plants or plant expansions. 
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Figure 3 
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Nitrogen control and sewage treatment works is being discussed in detail 
in later presentations. 

k. Other Recent Advances In Water Resource Assessments 

Simulation modelling, diurnal dissolved oxygen fluctuations 
caused by photosynthesis and respiration, and nitrification are three areas 
of water resources assessment technique development which have been incor- 
porated into practicable application by the Ministry of the Environment 
over the past few years. A number of other areas are currently under 
investigation for future application. Very briefly these subjects include, 

;|:« Environmental Impact of Sewage Disinfection. 

The use of chlorine to disinfect wastewater and protect the 
receiving waters and downstream users from bacterial contamination is common 
practice in Ontario. Chlorine is a very toxic substance and chlorine resi- 
duals in watercourses downstream from sewage treatment plants can damage 
or eradicate fish and other aquatic life in their stream or lake. 

While public health protection from bacterial contamination 
remains a prime concern, chlorine residual levels that will not impair 
aquatic life are being studied. The impacts of alternatives to chlorina- 
tion such as ozonation are also being investigated. Ozonation offers a 
side benefit of adding dissolved oxygen to the wastewater discharge and 
all sources of oxygen in the polluted stream are beneficial; however, other 
undesirable factors both in the plant and receiving waters may exist and 
render ozonation unacceptable. 

b. Urban Land Runoff 

Recent studies undertaken in Ontario and elsewhere have shown 
that the quality of urban storm water runoff can at times be poorer than 
raw municipal sewage. As well as containing high levels of BOD and 
suspended solids, storm drainage contributes nutrients and heavy metals 
to the receiving watercourse. 

The aquatic environmental impact of urban storm drainage is 
difficult to assess because of the relatively short duration of the event. 
Certainly the materials introduced during a storm contribute to the long- 
term build-up of pollutants in a river or lake and recent studies have 
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indicated that storm drainage is resulting in measurable degradation down- 
stream, during and shortly after the event. 

Further studies of the characteristics of urban storm drainage, 
including bypassed municipal wastes and their Impact on water resources, 
may lead ultimately to storm waste collection, storage and treatment. 
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THAMES RIVER BASIN WATER MANAGEMENT STUDY 

by 

S.E. Sal bach 
Supervisor, Planning and Co-ordination Section 
Water Resources Branch 
Ministry of the Environment 

INTRODUCTION 

This paper presents some of the findings of the Thames River 
basin water management study, undertaken jointly by the Ontario Ministries 
of the Environment and Natural Resources. The study was initiated In 1972 
in response to growing concern over existing problems relating to water 
quality, flooding and erosion in the watershed, and over pKJtential pro- 
blems anticipated as a result of future population growth and economic 
development. The complexities and interrelated nature of the problems 
emphasized the need for a water management plan encompassing the entire 
drainage basin. 

The Thames River basin is the second largest in Southwestern 
Ontario, and drains an area of approximately 2,250 square miles. Its total 
length from the source of the North Thames River to Lake St. Clair is 
approximately 125 miles. Major water uses in the basin include water supply 
for agricultural, domestic, municipal and industrial purposes; waste 
disposal and assimilation; recreation, and fish and wildlife habitat. 
Inherent conflicts among these uses are prevalent in the basin. Moreover, 
proposed solutions to the problems may themselves create additional con- 
fl icts. 

WATER RESOURCES PROBLEMS 



The two main water management problems in the Thames River 
basin are water quality impairment and flooding. Impairment of surface 
water quality is primarily caused by excessive inputs of nutrients, oxygen 
consuming materials, bacteria and suspended solids. Major urban sources of 
these contaminants include sewage treatment plant effluents, and storm and 
combined sewer discharges. Municipal drains, field tile systems, surface 
runoff from fertilized fields, drainage from intensive feedlots, treated 
effluent from rural industries, and the free access of cattle to streams 
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are major rural sources of water quality impairment. Excessive aquatic 
plant growth and unpleasant aesthetic conditions are the most visible signs 
of water quality impairment; however, the less visible problems of low 
dissolved oxygen levels and high bacteria levels are also significant. 
This impairment has led to the curtailment or restriction of legitimate 
water uses in the watershed. Most severely affected by this Impairment are 
fish and aquatic life and recreational water uses. 

Recurrent flooding is the other most significant problem in the 
watershed, particularly in St. Marys, Woodstock, London, and the area 
from Thamesville through Chatham to Lake St. Clair. Average annual flood 
damages in the watershed were calculated to be over 1.5 million 1975 dollars, 
of which 57 percent is In Chatham and 20 percent in the vicinity of London. 
Related in part to flooding Is erosion of streambanks and dikes, primarily 
in the lower watershed. Erosion of topsoil is also a significant problem. 

The inadequacy of water-based recreational facilities to meet 
demands and the potential loss of prime agricultural land were also 
identified as problems common to the watershed. Other management problems 
of local Importance include negative effects of artificial land drainage, 
water supply interference and ground water quality impairment. Communi- 
cation and co-ordination problems were also noted. For a more complete 
discussion of these findings, reference should be made to the Thames River 
Basin report. 

WATER MANAGEMENT OBJECTIVES 

Since environmental and study objectives are fundamental to the 
selection of effective water management proposals, an outline of these 
objectives is warranted. The overall objective of the study is: 

"To develop guidelines for water management planning in the 
Thames River basin which would ensure that an adequate quantity 
of water at a satisfactory quality is provided for the recog- 
nized water uses In the river basin at the lowest cost and 
that flood and erosion protection is provided consistent with 
appropriate benefit-cost criteria." 

As indicated earlier, stream water quality is the major water 
resource problem In the basin. Water quality Improvement depends upon the 
identification of appropriate water quality objectives and the Implementation 
of courses of action selected to achieve these objectives* 
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The basic philosophy of the Ministry of the Environment is that 
there should be constant effort to improve water quality, recognizing that 
improving the quality of water makes it available for nxsre uses. However, 
there are certain minimum levels of water quality generally acceptable to 
the province which must be met. In this regard, water quality of require- 
ments established for the protection of aquatic life are normally selected. 
Higher levels of quality are required in areas where more demanding uses 
such as swimming and bathing occur. 

Maintaining areas of presently high quality waters and upgrad- 
ing quality elsewhere to a level which would protect fish and aquatic life 
was taken as a realistic and obtainable water quality objective for pur- 
poses of this study. However, it must be stressed that the long term 
objective of the Ministry of the Environment is to upgrade water quality 
in the basin as much as possible. 

Having established the objective of maintaining water quality 
necessary for the protection of fish and aquatic life, appropriate criteria 
to achieve this objective and to protect other uses, such as recreation and 
aesthetics, were also identified. A basin-wide study was carried out into 
fish distribution and corresponding dissolved oxygen requirements. !t 
was estimated, in probabilistic terms, what the minimum dissolved oxygen 
concentrations should be on a dally, monthly and seasonal basis to 
maintain a viable fishery. Specific dissolved oxygen objectives were de- 
fined by application of criteria to specific stream reaches. Other water 
quality criteria applicable to fish and aquatic life, recreation and 
other water uses are specified in the publication "Guidelines and Criteria 
for Water Quality Management In Ontario" (Ministry of the Environment, 
July, 197'*). 

The objective of flood control activity is to minimize the 
average annual flood damage with the least cost. The primary constraint 
on this evaluation is that the average annual flood damage reduction must 
exceed the average annual cost of achieving that reduction. The cost in 
this respect must reflect the actual costs of constructing a flood control 
facility, and the conflict costs which can be allocated to any Interference 
that the flood control facility may have with other uses or any other part 
of the system. This cost figure Is reduced appropriately by other benefits 
which accrue, such as flow augmentation and recreation. 
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The main emphasis in the planning of water control facilities 
in the Thames River Basin to date has been on flood protection. However, 
the final design and operations have usually Incorporated and developed 
the multiple purposes of flood control, water supply, pollution abatement 
and recreation. The emphasis in this study provided for the integration of 
all water management activities within the watershed to reflect the optimum 
system and operating policy. 

MAJOR WATER MANAGEMENT OPTIONS 

Methodology 

In order to develop effective and realistic water management 
guidelines, the study Involved an assessment of the availability and 
quality of both surface and ground water, an inventory of water uses and 
related land uses, and an evaluation of existing and potential water 
resource problems in the basin. 

One feature of the study was the intensive use of mathematical 
modelling in the evaluation of waste treatment and reservoir alternatives 
with regard to the effect on water quality parameters and flood control 
benefits. 

Another feature of the study was the Public Consultation Program 
(PCP) , designed to provide municipal officials and the residents of the 
basin with an opportunity to express their views concerning the management 
of their water resources. 

Major options which have Implications for the greater portion of 
the basin in terms of water quality improvement and flood control, the 
two primary objectives of the study, are the construction and operation 
of dams for flow augmentation, flood control and recreational use and the 
sewage disposal options for the City of London. The primary evaluation 
criteria used in evaluating these options was the flood control benefit- 
cost ratio and total system net cost in present value terms, which took 
into account as much as possible this interrelationship of flood control 
and water quality benefits. For example, construction of a dam provides 
economic benefits In terms of both flood control and water quality, the 
latter accruing from deferral of capital expenditures for sewage treatment 
facilities downstream from the dam due to flow augmentation provided from 
the reservoir. 
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Some of the major options evaluated could be immediately dis- 
missed for one of two reasons:: 

1. They totally failed to meet one or both of the required 
primary objectives of improving waiter quality and increas- 
ing flood control; or, 

2. They placed severe growth restrictions upgrn the City of 
London . 

The reason for discarding options falling into category 2 
above requires some explanation. The approach taken toward the overall 
water resource management of the basin was to optimize water resource use. 
Accordingly, in areas where the limit to the capacity of resources to 
sustain growth is reached within the planning horizon, a policy of growth 
limitations may be appropriate with excessive growth redirected to desig- 
nated centres, primarily the City of London. Provincial planning studies 
have recognized London to be the major growth centre of this region and 
have recommended that it continue in that role. Thus, only those options 
which would allow London to expand to its 2001 project population of 
500,000 were considered. However, it is important to note that a signifi- 
cantly lower population growth rate would fundamentally affect the 
evaluation of waste treatment options at London. 

Once the major option configurations had been determined and 
evaluated on the total system cost basis, secondary evaluation of major 
options began. At this stage, as yet unquantified parameters, as well as 
those factors which cannot be quantified were considered. These include 
the objective of minimizing the loss of prime agricultural land and 
environmental disturbances due to capital construction projects, especially 
dams, and of increasing water based recreational facilities. The results 
of the Public Consultation Program provided considerable support in this 
procedure by removing some of the subjectivity from the evaluation process. 
An imputed value for non-quantifiable factors can be derived, however. 
If the decision maimer chooses an option which is not least-cost on the 
basis of the total system cost analysis, then the added cost of the option 
chosen should be equal to or less than the net unquantified benefits 
which the chosen option offers over the least-cost option. 

At the primary evaluation stage, capital construction costs 
and flood control benefits have been used in derivina total net costs 
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for each system option. In simplified terms this consists of estimating 
the capital costs for construction of engineering works (dams, pipelines, 
treatment plants) and the year in which they are to be constructed. The 
total cost in present value terms is then calculated using various dis- 
count rates - 2, k, and 7 percent. Flood control benefits in similar pre- 
sent value terms are then subtracted as they represent negative costs, to 
produce the total net cost for each system option. Costs are presented 
in present value terms so that they can be compared at a single point in 
time. The present value takes account of the time when costs and benefits 
occur by weighting near-term dollars more heavily than those far off In 
the future. 

The five dams which have been proposed in the past and the sewage 
treatment options for London are discussed below both individually and in 
system configurations such that all associated benefits and costs, economic, 
environmental and social, are brought to light. Preliminary screening of 
several hundred theoretical combinations reduced the number of options 
to be evaluated In detail to 22. For brevity of presentation, all planning 
options in this section are presented in compact notation form as follows: 

Gg: Construct Glengowan dam and reservoir 
primarily for flood control; 

Gg^: Construct Glengowan dam and reservoir 
primarily for flow augmentation; 

Th: Construct Thamesford dam and reservoir; 

W: Construct Wardsville retarding structure; 

CC: Construct Cedar Creek dam and reservoir; 

ZS; Construct Zorra Swamp dam and reservoir; 

P; Construct a sewage trunk pipeline from 
London to Lake Erie; 

Ts Provide tertiary sewage treatment for the 
City of London In order to meet effluent 
requi rements . 

!n all cases, dam construction is assumed to be completed in 
1981. For "T" and "P", the number following the notation refers to 
the year when that option would be operational (Table 2). A system 
option is designated by a combination of two or more single options. 
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Thus, for example, option Gg + Th + P:9^ indicates that the Glengowan and 
Thamesford dams would be constructed to be operational in I98I and the 
London-Lake Erie pipeline and accompanying treatment plant would be 
constructed to be operational in 1994. 

The waste management alternatives available to the City of London 
In order to meet and maintain water quality objectives in future, can 
be reduced to the following options: 

1. Implement tertiary treatment (discharging an effluent 
of approximately stream quality) and continue discharg- 
ing to the Thames River. 

2. Export sewage via pipeline to Lake Erie for secondary 
treatment and phosphorus removal prior to discharge. 

3. Build and operate Glengowan reservoir primarily for 
flow augmentation , and continue discharging to the 
Thames River using conventional treatment providing an 
effluent equivalent in quality to the Greenway plant. 

An economic analysis of these options similar to that for 
flood control options is not possible. The benefit of water quality 
improvement or maintenance cannot be readily quantified, unlike flood con- 
trol benefits, and hence, benefit-cost analysis is not possible. Minimum 
water quality criteria must be met, however. Given this objective, 
economic analysis is applied to determine the least-cost method of 
achieving it. As previously explained, the costs of sewage treatment 
alternatives for London are related to upstream reservoir construction 
options and must therefore be evaluated in a total system context. 

Tertiary treatment as discussed here is taken to include 
traditional secondary sewage treatment plus the following processes: 

- phosphorus removal; 

- carbon adsorption; 

- f i 1 tratlon; and, 

- ammonia stripping. 



33 



Opt ion Analysis 

From results of the water quality computer simulation model 
developed for this study, waste loading guidelines for the City of 
London were generated (Table 1). The total allowable load (total oxygen 
demand) varies with the amount of river flow. Hence, the allowable load- 
ings were increased for those options which include flow augmentation from 
Glengowan, Thamesford, or both. 

In addition to providing total load guidelines, specific limita- 
tions have also been placed on discharges to the North Thames and the south 
branch of the Thames within the city. Furthermore, loading figures apply 
only to sewage treatment plant effluents and are based upon the assumption 
that effects of urban runoff do not increase with time. This can only be 
achieved by control of discharges from combined sewer overflows and, as 
population increases, by storm water treatment. 

Table 1 also shows dilution ratios (streamf low/sewage flow) 
which can be expected to occur under low flow conditions. This factor is 
important since the effects of pollutants which have not been modelled, such 
as heavy metals and other toxicants, are not precisely i<nown and must also 
be controlled. The current dilution ratio in London is approximately 1.5:1. 
With increased levels in treatment, this ratio may be allowed to decrease. 
However, the ratio should not be allowed to decrease below 1:1, at least 
until the effects of this flow ratio upon water quality and fishlife 
have been determined. For that reason, implementation of additional 
remedial action is required by the dates at which this dilution ratio is 
reached. 

If the population figure of 500,000 for London is accepted as 
the maximum population for the city as has been suggested, then it can be 
seen from Table 1 that, with an allowable dilution ratio of 1:1 and 
construction of one additional dam upstream, tertiary treatment is a viable 
option. An advantage of this option is that it completely avoids any 
environmental effects that export of sewage might have upon Lake Erie 
and any pipeline right-of-way. 

Table 2 presents the net cost and least cost order of the 
various systems options evaluated in this manner. 
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TABLE 



LONDON WASTE LOADING GUIDELINES 



Option 



Total Allowable Load 
Oxygen Demand lb/day 



Year Load 
Limi tat ion 
Reached ' 



Year Dilution 
Ratio Reached 



Total 



N. Thames 



S. Branch 



1.5:1 



] :1 



Present Conditions 
(no addi tional flow 
augmentation) 



m 


%* 




TO 




Gg + Th 




Gg* + Th 



8,000 


1,000 


2,500 


11,000 


2,000 


2,500 


17,000 


it, 000 


2,500 


11.500 


1,000 


3,500 


U.500 


2,000 


3,500 


21 ,000 


i»,000 


3,500 



1993 


1971 


igBit 


2001 + 


1983 


1997 


2001 + 


1999 


2001 + 


2001 + 


1986 


2001 


2001 + 


199^ 


2001 + 


2001 + 


2001 + 


2001 + 



At treatment to stream quality. 
Gg* - Glengowan operated primarily for flow augmentation, 



TABLE 2: TOTAL SYSTEM NET COSTS 



Option 



Net Cost 


Present 


Value ($M) 




Least Cost Order 




1% 


k% 


1% 


1% 


h% 


1% 


95. it 


89.4 


11-t 


19 


V9 


22 


101.1 


91.5 


75.8 


21 


2:1 


20 


82.1 


71.2 


62.6 


16 


14 


16 


75.2 


71.5 


61.8 


8 


li 


15 


83.3 


78.7 


66.6 


17 


18 


18 


(^1.7 


65.0 


55.2 


5 


11 


12 


80.7 


74.2 


61.4 


14 


16 


14 


65.2 


60.5 


49.9 


4 


7 


10 


76.6 


63.7 


47.4 


11 


9 


8 


71.1 


58.8 


43.5 


7 


5 


6 


105.3 


91.1 


11.1 


22 


21 


20 


86.3 


74.7 


59.5 


18 


17 


13 


81.2 


69.3 


53.5 


15 


13 


11 


75.3 


64.4 


49.3 


9 


10 


9 


11,1 


60.2 


41.3 


12 


6 


k 


23.1 


27.0 


26.2 


3 


3 


2 


16.6 


22.0 


22.5 


1 


1 


1 


98.9 


90.7 


76.2 


20 


20 


21 


80.0 


67.5 


63.2 


13 


12 


17 


75.8 


63.1 


46.4 


10 


8 


7 


70.3 


58.2 


42.5 


6 


k 


5 


20.1 


26.1 


26.8 


2 


2 


3 



1 . W+T:8l 

2. W+Gg+T:83 

3. W+Gg+P:83 

4. W+P:8l 

5. W+Th+T:86 

6. W+Th+P:86 

7. Th+T:86 

8. Th+P:86 

9. Th+Gg+T:94 
10. Th+Gg+P:94 

^ 11. Gg+T:83 

"^ 12. Gg+P;83 

13. W+Gg+Th+T:94 

14. W+Gg+Th+P:94 

15. W+Gg'\+P:99 

16. W+Gg^+Conventional Treatment*- 

17. Th+Gg"+Conventional Treatment 

18. W+CC+ZS+T:82 

19. W+CC+ZS+P:82 

20. Th+CC+ZS+T:93 

21. Th+CC+ZS+P:93 

22. Th+CC+ZS+ Conventional Treatment 



* Involves operation of Glengowan dam primarily for flow augmentation. 
** Option 16 involves growth limitation of 480,000 at London. 

Note; W, Gg and Th - assume construction in 1981. 



As well as taking Into account flood control benefits, the 
figures in Table 2 include benefits (negative costs) to London attribu- 
table to the flow augmentation, which defers capital construction of a 
pipeline "P" or tertiary sewage treatment plants "T" . For example, with 
no upstream dam construction as in option 1, "T" is required in I98I; with 
one upstream dam as in option 2, "T" is required in 1983; and with two 
upstream dams as in option 13, "T" is not required until IBS'*. The net 
costs of options 18 to 22 exclude both the economic benefits of flow 
augmentation to Woodstock in terms of deferred treatment expenditures and 
the increased water supply costs resulting from flooding of the Woodstock 
we 1 1 field. 

It should be noted that the economic analysis undertaken to 
arrive at the total system least-cost ordering is extremely sensitive to 
population projections and associated sewage flows and hence, to deferral 
times of capital expenditures. For example, it can be seen from Table 2 
for options 3 and 4 that the added expenditure of "6g" construction in 
option 3 Is totally balanced out by a two year deferral of "P" construction. 
Hence, system options 3 and k emerge as having an almost identical "net 
cost". In view of this, the phase-timing of each option, and especially 
of "P" and "T" should be carefully noted as any change In this timing will 
significantly affect the net cost of the option concerned. 

Given the primary objectives of achieving good water quality 
throughout the watershed at the lowest cost and providing flood control 
consistent with benefit-cost criteria, the three unquanti f iable objectives 
mentioned earlier were taken into consideration in this evaluation of the 
main least-cost options. 

Cone 1 us ion 

When all these factors had been considered, it was concluded 
that the preferred option Is to construct the Thamesford dam primarily for 
flood control, the Glengowan dam primarily for flow augmentation, and to 
utilize conventional treatment at London. However, if it Is decided that 
development of a limestone deposit precludes construction of the Thames- 
ford dam, the preferred option is to construct the Wardsvllle dam for flood 
control, the Glengowan dam primarily for flow augmentation, and to 
utilize conventional treatment at London. If the growth limitation of 
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TABLE 3. SUMMARY OF UNQUANTIFIED COSTS AND BENEFITS OF MAJOR OPTIONS 



Option 



Unquant i f ied 
Costs 



Unquanti f ied 
Benefits 



Gtengowan Dam 



OS 



1. Agricultural land permanently 
inundated. 

2. Water quality deterioration in 
and immediately downstream from 
the reservoir. 

3. Increased water temperatures. 
^. Disruption and destruction of 

some fish and wildlife habitats, 



Improved recreational opportunities, 
either directly through provision 
of facilities at Giengowan reservoir 
or indirectly through improved 
water quality in the Fanshawe 
reservoi r . 

Improved water quality through flow 
augmentation in downstream areas. 
Flow augmentation benefits to London 
have been included in the economic 
analysi s. 

Flood control benefits, not included 
in the economic analysis, if Giengo- 
wan is used primarily for flow 
augmentation. 



Thames ford Dam 



1. Agricultural land permanently 
inundated. 

2. In-reservoir water quality 
deter iorat ion. 

3. Water temperature increased. 
^. Sports fishery disruption. 

5. Some disruption and destruction 
of fish and wildlife habitats. 

6. Public opposition voiced, 

7. Foregone opportunity to extract 
limestone deposits. 



Possible recreation benefits if 
facilities provided. 
Water quality improvement through 
flow augmentation to downstream 
areas. This benefit to London was 
included in the economic analysis. 



Wardsville Retarding Dam 1. Disruption of road links between 

Elgin and Middlesex countries 
during high flows, possibly requir- 
ing new bridge construction. 

2. Strong public opposition expressed. 

3. Occasional inundation of Indian 
Reserve lands. 



TABLE 3- (CONT'D) 



Option 



Unquanti fled 
Costs 



Unquanti fled 
Benefits 



Cedar Creek Dam 



1. Inundation of the Woodstock wel 
field. 

2. Disruption of a stocked and 
natural coldwater fishery. 

3. Destruction of a major deer- 
yarding area. 

k. Agricultural land permanently 
i nundated . 

5. In-reservoir and downstream 
water quality impairment. 

6. No recreational benefits. 



1. Additional dilution flow for Woodstock 
and downstream areas through low flow 
augmentat ion. 






P i pe I i ne 



1. Environmental effect upon Lake 
Erie and pipeline corridor, 
and pressure for urban develop- 
ment along the corridor. 

2. Reduction of flow in the Thames 
River. 



1. Possible advantages to munci pa I i t ies 
along the pipeline corridor outside 

the watershed should they tie in to the 
system. 

2. Removal of all London sewage effluent 
from the river giving improved water 
quality downstream. 

3- Possible benefit of direction of 
controlled growth away from more 
sens! t i ve areas. 



Tertiary treatment 



1. Eventual growth restraints on 
London City due to dilution 
rat to 1 imi tat tons. 



I. Allows for any advantages future sewage 
treatment technology improvements may 
offer. 



Zorra Swamp 



1. tn-reservoir and downstream 
water quality impairment. 

2. No recreational benefits. 

3. Major changes in the natural 
ecology of the swamp. 



Additional dilution flow for downstream 
areas through low flow augmentation. 



A80,000 for London associated with this option is decided to be unacceptable, 
then other options, such as provision of tertiary treatment or construction 
of sewage pipeline to Lake Erie can be considered. 

As the Glengowan dam is common to each of the preferred options, 
construction of the Glengowan dam first would offer maximum flexiblity in 
choosing other capital projects. Decisions as to whether to construct the 
Wardsville dam or the Thamesford dam could then be made. The decision as 
to whether to utilize conventional treatment or eventually a sewage pipe- 
line from London to Lake Erie could be deferred to the early 1990's. 

LOCAL WATER MANAGEMENT OPTIONS 

Introduction 

Although the major options have great significance to basin 
wide water management, they by no means deal with all the basin's water 
resource problems. Local water management problems can have a cumulative 
effect, so that a localized type of problem, recurring at several different 
locations, can have basin wide implications. A wide range of management 
options to deal with urban, rural, reservoir related and flooding problems 
has been considered and applied on a stream reach and municipality basis. 

Urban oriented options include varying levels of treatment of 
sewage and industrial wastes, and growth restrictions. In areas where the 
remaining waste assimilative capacity of streams is limited, municipali- 
ties proposing additional growth can consider the installation of advanced 
tertiary waste treatment plants as defined earlier, producing a highly 
polished effluent equivalent to stream water quality, or waste storage 
for summer spray irrigation or discharge during periods of adequate flow. 
However, for smaller municipalities, the costs of the required tertiary 
treatment may be prohibitive. Moreover, the costs of property acquisition 
for waste storage can make this uneconomical and this approach often involves 
the use of prime agricultural land. The alternative to the above treatment 
options is growth restrictions. 

Receiving streams at other municipalities in the basin have varying 
capacities to assimilate additional waste loadings. The additional 
assimilative capacity at some municipalities is limited and long term growth 
would be inadvisable from a water quality viewpoint. At others, the 
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additional waste assimilative capacity is not as limited. 

Control of urban runoff is an important consideration in the 
basin. Although the significance of pollution loads from this source at 
each municipality was not documented during this study, urban runoff is 
recognized as a source of stream impairment. Rural oriented management 
practices for water quality improvement include limiting fertilizer applica- 
tion rates, channel protection programs, restricting free access of cattle 
to streams, control of farm waste discharges, particularly from intensive 
feedlot operations, and control of Illegal septic tank connections to drains. 
Surface runoff to streams from fertilized land is a significant diffuse 
source of nutrients which contributes to excessive aquatic weed growth. 
Although accurate statistical information is not available, fertilization 
of cropland beyond recommended rates was found to be a general practice in 
the basin. There are other localized problems such as channel and soil 
erosion or flood plain development controls, which while important, are 
somewhat outside the scope of this Seminar. Anyone interested in more details 
is referred again to the Main Thames River report. 

The following case studies taken from the Thames River basin 
report illustrate the use of these control options in solving individual 
municipal pollution problems. 

Stratford 

Population projections for the City of Stratford indicate that 
a population of '(7,000 could be expected by the year 2001. Water quality 
studies have shown that even at the present population and under a streamflow 
regime kO times higher than the estimated low flow, minimum dissolved 
oxygen levels of 2 mg/1 severely violate criteria for the entire length of 
the stream. Although municipal wastes from Stratford receive advanced 
treatment to reduce organic loadings, consisting of secondary treatment with 
effluent filtration, modelling studies have shown that oxygen guidelines 
in the entire Avon would not be achieved even with the total elimination 
of oxygen demanding materials from Stratford. This situation is the result 
of obnoxious aquatic plant growth caused by a continuous nutrient availa- 
bility, coupled with extremely low natural streamflows during summer months. 
As previously stated, it is the long term objective of the Ministry of the 



Environment to upgrade water quality to make the resource available for 
broader use. Management approaches directed towards the achievement of 
dissolved oxygen objectives set for the immediate objective of sustaining 
fishlife in the Avon River are: harvesting of aquatic vegetation from the 
receiver; advanced phosphorus removal during aquatic vegetation growth 
periods; further treatment to remove nitrogenous organics; storm water 
treatment; exportation of wastes to a more appropriate receiving 
watercourse; and restricting further discharge volumes owing to surface 
water quality constraints. 

Modelled response of the dissolved oxygen regime was most 
sensitive to reductions in photosynthesis and respiration factors, 
emphasizing the need for implementation of measures to control aquatic 
vegetation. Physical removal of heavy vegetation growth from the stream 
would improve the dissolved oxygen regime and produce a more aesthetically 
pleasing watercourse. To date, experimental use of aquatic plant harvesting 
as a water management technique in Ontario has been conducted only in lakes 
and has not been applied in a stream setting. Hence, this approach would 
have to be regarded as experimental and should be preceded by an Indepth 
study of its feasibi bi 1 I ty. 

Removal of phosphorus from the Stratford effluent to lowest possible 
levels during the critical growth period {May through September) would have 
indirect positive effects on dissolved oxygen levels by reducing the con- 
tinuous supply of nutrients available for growth to minimal amounts. 
Municipal sources accounted for 56 percent of the annual phosphorus loading 
in the Avon River prior to the implementation of the phosphorus removal 
program in 1973- It is calculated that this figure has been reduced to 
k2 percent following reductions in phosphorus levels In the treated sewage 
effluent* 

It must be noted that 80 percent of the annual contribution of 
phosphorus from Stratford originates from sources other than the municipal 
waste treatment plant, including sewage bypasses, urban runoff and minor 
point source inputs. However, as Indicated in Table k, the continuous 
year-round phosphorus input from the sewage facility assumes greater 
significance in the summer growth period for aquatic vegetation, as the 



Stratford plant represents the major phosphorus source even with conven- 
tional phosphorus removal during this period. 

TABLE k: MONTHLY CONTRIBUTION OF PHOSPHORUS FROM THE STRATFORD SEWAGE 
TREATMENT PLANT'^ RELATIVE TO THE OVERALL BURDEN IN THE AVON 
RIVER AT ITS MOUTH 



M^«»-k /iQT5\ Ratio-STP Load to 

^°"^^ ^'^^^^ Avon Yield at North Thames R. 

January 0.l4 

February *» 

March 0.05 

April 0.05 

May 0.50 

June 0.96 

July 15^-^:!!: 

August lAAft 

September ]-;!-f;* 

October 0.28 

November 0.23 

December 0.08 



" Assuming 80 percent phosphorus removal at the plant. 

*" Figures inaccurate owing to interference in streamflow measurement 
by ice. 

AAA Yield figures low because of stream storage of phosphorus through 
vegetation uptake. 

A positive response of dissolved oxygen levels to reductions 
in oxygen demanding loadings was predicted at 0.7 miles downstream from 
the Stratford STP . Due to the overriding effects of the extensive beds 
of aquatic vegetation on the dissolved oxygen regime during the study, 
negligible Improvement occurred further downstream. Decreasing the 
amount of aquatic vegetation, by implementing measures described above, 
increases the relative influence of organic loadings on the improved oxygen 
regime. Recent observations on the performance of the Stratford sewage 
treatment plant indicate excellent reductions in the carbonaceous portion 
of the organic load to the lowest practical levels, although further imrpove- 
ment in the oxidation of the nitrogenous fraction is possible. 

The exportation of treated water to a receiver with a greater 
dilution capacity would essentially eliminate flow in the stream during 
the summer when natural streamflow would be expected to be intermittent. 
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If treated sewage were redirected to the North Thames River, downstream 
from the proposed Glengowan dam site, a significant stress on water quality 
in the reservoir would be eliminated. However, such a proposal would 
involve a costly 10 mile long pipeline and the discharged water would bypass 
the Avon River and those who have come to expect a continuous streamflow, 
(e.g. farmers for livestock watering), would be forced to find alternate 
suppi ies. 

Studies indicate that water quality objectives may never be 
totally attained on the Avon River downstream from Stratford. Such consti- 
tuents as chloramines, phenols, and heavy metals may never be completely 
removed and even low levels of these components assume significance when 
essentially no dilution is afforded by the receiving stream during low 
flows. However, by adopting the first three approaches as discussed earl- 
ier, the existing situation may be improved and the degree of impairment 
lessened. Keeping In mind the objective of upgrading water quality where 
impaired and recognizing that an acceptable sewage to streamflow ratio Is 
grossly exceeded at present sewage flows, the discharge of increased waste 
loadings to the Avon River should not be allowed. Studies should be 
conducted to determine the significance of the municipal storm drainage 
portion of the organic load, and steps taken to correct problems where they 
ex I s t . 

Tavistock 



The water management problems in the Thames River upstream 
from London are typified by the problems encountered downstream from 
Tavistock as follows. 

From Zorra Swamp to the Pittock reservoir, the problem of water 
quality impairment appears to be related to a combination of low streamflows 
and rural runoff. Water management options to upgrade water quality in this 
reach include flow augmentation and the adoption of alternatives related 
to rural areas. 

Water resource management options directed towards the solution 
of problems related to rural areas are particularly important in this 
reach. One reason Is the Intensity of cattle and swine production In 
East Zorra Township, which occupies the major drainage area of this stretch 



of the river. Federal livestock census figures for 1971 reveal that East 
Zorra Township carries the largest numbers of cattle and hogs of any 
township in the Thames River basin. Hence, options described in greater 
detail previously in this chapter, such as the restriction of range cattle 
access to watercourses and close surveillance of manure handling practices 
and water quality of municipal drains, are of particular relevance to 
this area. 

Considering the low waste assimilative capacity of the stream 
and conflicts with downstream uses, serious consideration should be given 
to limiting urban development In this headwater reach. Constraints on 
waste discharge methods at Tavistock are imposed mainly by critically low 
streamflows from May through October and by downstream water uses. During 
these six months, monthly average streamflows may drop below 1 cfs and 
discharged wastes would become partially entrapped in the Gordon Pittock 
reservoir. By the year 2001, it is projected that the population of 
Tavistock will have increased to approximately 2,100, At the present 
population (1,400) and operating under the constraints mentioned previously, 
water quality objectives are barely achieved in this reach of the Thames 
River. In addition, a significant portion of the phosphorus load from 
the village Is discharged at the same time that water is being stored In 
Gordon Pittock reservoir. Population expansion would therefore require 
greater waste storage capacity, a change in discharge timing and/or 
improved treatment to reduce oxygen consumption and phosphorus loadings to 
acceptable levels. 

The option of total retention-spray irrigation, based on the 
2,100 population figure, would involve the acquisition of an estimated 
200 acres for spray purposes, 55 acres for 265 days of storage plus addi- 
tional acreage for berms and a buffer zone. 

One alternative course of action would be increased retention 
for discharge at varying rates during March and April, which would involve 
lagoon expansion from lA to approximately 60 acres. Although water 
quality objectives for the Thames River from Tavistock to Woodstock would 
be attained by this approach, the total load of bacteria and nutrients 
would be discharged at a time when the Pittock reservoir receives and 
stores the spring freshet, thus causing possible further interference with 
aesthetic and recreational uses of the reservoir. 
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Storing treated wastes from May through October and discharging 
daily flows from a secondary treatment plant from November through April, 
only when streamflows exceed 2.2 cfs, Is the most practical approach to 
future waste treatment at Tavistock. Wastes stored in a 35-acre lagoon 
would be discharged as streamflows permit. The annual burden of nutrients 
and bacteria originating from Tavistock and being taken into storage by the 
Gordon Pittock reservoir would be significantly reduced and water quality 
objectives in this reach of the Thames River would be met. 

Conventional phosphorus removal incorporated into the latter 
two options would reduce Tavistock's present phosphorus contribution 
to the river from a measured 23 percent of the annual stream burden to 
6.6 percent of the burden, using population figures for the year 2001. 
Since this source represented only 6.6 percent of the annual stream burden 
entering Pittock, efforts would be better expended on the control of 
rural sources, which account for over 90 percent of the phosphorus burden 
in the stream. 

The three waste treatment options suggested for Tavistock are 
typically considered when a receiving stream is fast approaching or already 
beyond its ultimate capacity to accept wastes. To further tax the receiving 
watercourse by loadings beyond the 2001 design figure would seriously 
jeopardize water quality both in the immediate downstream reaches of the 
Thames River and in the Gordon Pittock reservoir. Since expansion of 
Tavistock could proceed only at the expense of well over 200 acres of farm- 
land or construction of two costly sewage facilities, the most logical 
option available to the Village of Tavistock is the application of growth 
restraints. 

Construction of the Zorra Swamp reservoir is a possibility. 
If it were built for augmentation purposes, waste treatment requirements 
for Tavistock would not be as stringent as described above; also, it is 
unlikely that immediate growth restrictions would be required. The addi- 
tional 10 cfs of flow provided during the critical low flow period from 
the reservoir would allow discharge of treated sewage in this period and 
possibly allow the use of conventional sewage treatment systems, or reduced 
effluent storage requirements. However, construction of this dam for flow 
augmentation alone is not felt to be justified. 
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Conclus ion 

The preceding illustrates the reasons for requiring high 
quality effluents and illustrates the methodologies which have led to 
the definition of the generally high degrees of municipal treatment needs. 

In this regard, let me make two points. The sophisticated mo- 
delling approach used for the Thames River in the London area reflects 
the complexities of the resource problems that existed and the fine tuning 
required to solve them. As far as choosing assessment techniques is concerned, 
their degree of sophistication should be directly related to the complexity 
of the resource problems at hand. To my mind, there are few situations 
in southern Ontario which require simulation modelling of the type used in 
the Thames River. Simpler steady-state modelling or even dilution 
models suffice In many cases and are considerably less expensive. 

On the other hand, the Thames River study well illustrates 
that municipal wastes are but one of many sources of pollution. General 
urban storm and rural drainages are perfect examples cf these other sources. 
Where adequate dilution or waste assimilative capacity exists, these sources 
may be relatively unimportant from a local point of view. Within the 
Great Lakes context, their significance is being investigated through the 
UC Reference PLUARG, But where water use is intensive and competes for 
priority, waste control becomes niore important and so does the significance 
of these sources. At present, we are not in a good position to control 
these sources. In fact, we are not even sure of the significance of urban 
storm drainage on water quality and the controls are therefore being put 
on the so-called controllable point sources, leading in many cases to 
requiring high quality, expensive treatment. 

What is the return for our dollars spent In Ontario? In general, 
it has been excellent. Public health problems are almost non-existent and 
water quality has Improved. However, we seem at a crossroad where caution 
should be exercised before we proceed. The intensification of water uses 
such as waste disposal, recreation, water supply, and fish and wildlife 
requires us to be more and more careful In controlling and managing our 
water resources. That management has to become an Integral part of provin- 
cial land use planning to be ultimately effective. Our return for the 
dollars spent on waste treatment diminishes in those cases where Inadequate 
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waste receivers are available. The point I am making is that we all too 
often neglect to consider the alternative of no growth, or resolving local 
public health problems caused by faulty septic tanks by eliminating these 
problem septic tanks. Instead we often build expensive sewage treatment 
plants which have marginal wastewater receivers and which become even more 
marginal if the municipality is allowed to grow. 

The Thames River Water Management Plan is a guide to future de- 
velopment of that watershed. Provincial and municipal planning agencies 
welcome these guidelines on water resource limitations as important infor- 
mation in their work to plan land use. I quite frankly hope that this 
will eventually eliminate the need for high quality effluents. 
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DISINFECTION 
by 

F.A. Tonelli 
Wastewater Treatment Section 
Pollution Control Branch 
Ministry of the Environment 

GENERAL CONSIDERATIONS IN WASTEWATER DISINFECTION 

The objective of disinfection, in wastewater treatment, is the 
destruction of pathogenic microorganisms before discharge of the waste- 
water to a receiver. 

The classical justifications for disinfection are the protection 
of receiving waters used for swimming or other total body contact sports, 
and as sources for public water supplies. Water treatment plants have their 
own stringent lines of defence against pathogens. For the protection of 
such supplies, sewage disinfection has been regarded as a supplementary 
line of defence. The justification for the concept of supplementary defence 
is that, at the least, the sewage plant effluent represents a large potential 
point source of discharge of pathogens. In jurisdictions where disinfection 
is practised, it is presumed that the process Is effective in eliminating 
pathogens and also that the absence of disinfection may lead to massive 
outbreaks of waterborne disease, due to pathogens conveyed to the receiver in 
the sewage plant effluent. 

Table 1 lists some diseases which are capable of transmission by 
water. The list is formidable and includes diseases caused by bacteria, 
parasites and viruses. 

Complete sterilization of the wastewater is not the objective of 
disinfection. Even if this were technically feasible, it would not be 
desirable. Ideally, disinfection would inactivate pathogens without the 
destruction of beneficial organisms. Such selectivity is never likely to 
be achieved. Consequently, beneficial and harmless organisms will inevitably 
be eliminated during the disinfection process, and useful agents will be 
drawn from those with 'wide-spectrum' disinfecting abilities. 
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TABLE 1. SOME DISEASES KNOWN TO BE TRANSMITTED BY WATER (l) 

Typhoid Fever 

Cholera 

Amoebic Dysentery 

Gastroenteri t i s 

Schi stosomiasi s 

Paralytic Poliomyelitis 

Aseptic Meningitis 

Respiratory Diseases 

Enter it is 

Infectious Hepatitis 

Worms - Roundworms, Hookworms 

Disinfection, as conventionally applied in wastewater treatment, 
is a 'tail-end' unit operation. Merely because the process is at the end 
of the flow sheet does not mean it should be regarded as the last chance 
for making physical-chemical changes to the wastewater. Ideally, the 
wastewater would already have received treatment to such a degree that 
disinfection would not cause significant changes in effluent quality, 
upgrading effects included. 

Upgrading denotes a decrease in parameters such as BODj-, TOC , 
TSS , colour, turbidity. It is usually the case that the upgrading process 
competes for the disinfecting agent to the detriment of the disinfecting 
function. This increases the total application rate required for a given 
level of disinfection, which increases the cost. Additionally, the 
upgrading effects usually make the process more difficult to control, 
since there is no certainty as to what purpose the disinfectant served 
whilst being consumed. 

The ideal of little interaction between disinfectant and waste- 
water is difficult to meet. Powerful oxidizing chemicals, such as 
chlorine and ozone, not surprisingly, do cause such change reacting with 
both inorganic and organic constituents in the wastewater. By contrast, 
one advantage of gamma irradiation, for wastewater disinfection, is that 
it does not cause significant change at the dosage required to be effective. 
This seems to be true as far as easily measurable change is concerned, but 
more subtle effects can take a long time to become apparent. 
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What are the requirements of an ideal disinfectant? Table 2 
lists some of them, and hopefully includes all the major ones. Doubtless, 
other requirements could be added, but the list is already long, and no single 
disinfection process available for use in wastewater treatment today meets 
them all. 

TABLE 2. REQUIREMENTS FOR AN (DEAL DISINFECTION AGENT 



Wide Spectrum 
Disi nfect i ng 
Action 



Bactericidal 
Spor icidal 
Cyst icidal 
V i ric idal 



Economic 



Readily available 
Relatively inexpensive 



Practical 



Easy to apply 

Dosage can be readily measured 
Process can be readily controlled 
Results can be readily predicted 
Reaction products - non toxic, 
biodegradable, non mutagenic 



For Chemical Disinfectants 

Chemical ly weai< 

Soluble in Wastewater 

Chemistry in Wastewater is known 



For Radiation 



Chemical ly weak 
Adequate penetrating 
Power in Wastewater 



Source : Classification based on Reference (2) 

What help can the preceding treatment stages give to the dis- 
infection process? Irrespective of the disinfection process used, the 
most important single aid that the preceding treatment can offer is a 
population of pathogens already drastically reduced. A benefit that can 
be expected to accompany such treatment is that the effluent will 
be as free as possible of substances which will interact chemically 
with the disinfectant. The inclusion of chemical coagulation and filtra- 
tion steps within the treatment process will generally assist both in 
minimizing the required dosage of disinfectant, and in reducing the number 
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of pathogens present before disinfection. An extreme example of the 
possibilities of treatment for inactivation of viruses Is shown in the data 
presented in Table 3- 

TABLE 3. VIRUS SAMPLING 1969, AT SOUTH TAHOE PUBLIC UTILITY 
DISTRICT WATER RECLAMATION PLANT (3) VIRUSES 
RECOVERED (PUQUE FORMING UNITS) 



Date Primary Secondary Carbon Column Chlorinated 
Effluent Effluent Unchlorlnated Final 

Effluent Effluent 



1 





* 

■^' t 



9 

0: 



* No rel iable data 

Virus examination carried out by EPA Laboratories - Cincinnati 

These data are taken from a recently reported study (3) relating 
to the Lake Tahoe Advanced Waste Treatment plant. This plant includes 
conventional activated sludge treatment, high-lime chemical clarification, 
experimental ammonia stripping to partial plant capacity, recarbonation, 
mixed media filtration, granular carbon adsorption and chlor ination. 
Note the large decrease in viruses recovered between the secondary effluent 
and the carbon column effluent. This plant also achieves excellent bacterial 
disinfection with a chlorine dose of 2-3 mg/l despite the presence of 
2-15 mg/l of ammonia. This Is not surprising, considering the total 
coliform count (MPN) in the undisinfected wastewater is usually below 
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May 29 


3 





June 5 






June 12 






Aug. 20 


3 


18 


Aug. 27 






Sept. 11 






Sept. 18 


179 


\k 


Sept. 25 


ft 


h3Q 


Oct. 2 


207 


320 



3000/100 ml. This low value compares with a typical value of 100,000/100 
ml from a conventional activated sludge plant. Disinfection of Lake Tahoe 
wastewater obviously presents few problems, compared with an activated 
sludge effluent. 

MEASURING THE EFFICIENCY AND END RESULT OF DISINFECTION 

Having decided that the elimination of pathogens is the chief 
objective of disinfection, it is necessary to select criteria for assessing 
the efficiency and end result of the disinfection process actually used. 

At this point, significant problems appear and obstruct a 
seemingly simple desire. Firstly, there is the matter of selecting a 
suitable organism or organisms on which to base the assessment. There is 
no shortage of candidate organisms, but some are known to be present only 
infrequently whilst others require highly specific concentration, isolation 
and enumeration techniques. 

Above all, there is the wide spectrum of resistance shown to a 
particular disinfectant by various organisms and the knowledge that the order 
of resistance may vary for a specific group when comparing different 
disinfectants. This suggests that more than one organism must be used 
in assessment of efficiency, and at the level of basic research, action of 
potential disinfectants is invariably tested against a wide variety of 
organ i sms . 

At the practical level, in the WPCP plant, the traditional 
indicator organisms are used, usually the total col i form and/or fecal 
coil form groups. Whilst these give an indication of the fate of patho- 
genic vegetative bacteria, they provide no guidance as to the fate of the 
generally more resistant organisms, such as spores and viruses. It ts not 
the object of disinfection merely to kill coliforms, and there is an urgent 
need to establish some consensus organism to measure the effects of 
disinfection upon the numbers of more resistant organisms, particularly 
viruses. 

For the present, attempts to regulate disinfection efficiency 
by bacteriological criteria relate principally to total coliforms and fecal 
conforms. For chlorinated wastewater, at least, enumeration of fecal 
coliforms can give widely different results depending on the methodology 
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employed - Most Probable Number or Membrane Filter. As an example, consider 
the data presented in Figure 1. This is a graphical comparison of fecal 
coliform counts on the same chlorinated wastewater as determined by MPN 
and membrane filter techniques. The methodology employed is conventional 
and is described fully in the original reference (k) . 

On the whole, the MPN counts are greater than those for the 
membrane filter. In practical recognition of these problems, the Environ- 
mental Protection Agency in the United States has recently proposed that MPN 
procedures be mandatory for fecal coliform determination on chlorinated 
wastewater samples, when assessing compliance with Federal standards for 
disinfection (5). 

Enumeration of total col i forms does not seem to be subject to 
the same problems, and for routine assessment of the consistency of the 
disinfection process within a WPCP this group seems to be the most suitable. 

As to what level of total or fecal coliforms is desirable fn 
a disinfected effluent, there is a wide range of bacteriological standards 
in existence. The EPA has instituted a standard of 200 fecal coliforms/ 
100 ml as a monthly average. California has very strict standards that 
require the median count of total coliforms to be 23/100 ml where discharge 
takes place to confined waters. 

This type of standard attempts to relate the presence or absence 
of a particular number of coliforms to a definable health hazard in either 
the treatment plant effluent or the receiver. In either case, there may be 
an allowance for dilution effects. The origins of these standards vary 
in different jurisdictions. Some are based on legal precedents, others 
are based on statistical studies attempting to relate the likely presence 
or absence of pathogens to a particular number of coliforms. In any 
event, as mentioned previously, the number of coliforms in a wastewater, 
taken as an isolated piece of information, is Inadequate as a measure of 
the true efficiency of disinfection. 

Irrespective of which organism or group of organisms are chosen 
for assessment of the disinfection process, no bacteriological counts will 
be available in time to provide input for process control. Nor can a 
truly continuous record of results be readily obtained. This Is a 
serious disadvantage, since inferential methods of control must be sought. 
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F I CURE 1. COMPARISON OF MEMBRANE FILTER AND MPN 

TECHNIdUES FOR RECOVERY OF FECAL COLIFORMS 
FROM CHLORINATED EFFLUENT 



o 
o 



o 
o 




LOG MPN* PER 100 ML. 

Fecal coliforms determined by membrane filter technique, using m-FC 

broth (BBL) with 0.8 percent agar (Oxoid) added. 

Incubation accomplished by sealing in plastic bags and immersion in 

a water bath at 4^1. 5°C. 

Most probable number for fecal coliforms determined by inoculation 

of positive lactose tubes, from the presumptive test, into EC broth 

and incubation at 'tA.S^C for 2h hrs. 
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For these reasons, in jurisdictions where chlorination is mandatory, 
a minimum disinfectant residual plus contact time is often used as 
the primary evidence of proof of disinfection. A continuous record 
of residual can be obtained, when required, and if the minimum contact 
time and residual are known, there is some assurance of disinfection 
having occurred. 

Certainly, no alarm bells ring as pathogens leave the WPCP. 
Along with a more resistant consensus organism than the coliform group, 
there is a real need for some test, method or technique that would, at 
the least, speedily indicate changes in "total plate count". 

The above considerations are intended to highlight the fact 
that disinfection is a complex and inexact task in wastewater, and not 
an exact science. It also follows that new disinfection processes and 
agents must be thoroughly evaluated on as many organisms as possible, 
and of necessity, at present, the results correlated against the 
indicator groups. 

Notwithstanding all of these reservations, well controlled 
chlorination can eliminate in the range of 99^~99-9% total coliforms, 
to leave about 1000/100 ml in the effluent, and counts possibly as 
low as one-tenth of that number as fecal coliforms, even with moderate 
chlorine residuals and retention times. 

Experience in California (6) indicates that in warm weather 
climates at least, much lower counts (less than 23/100 ml total coliforms) 
can be consistently achieved at high residual levels (3~5 mg/l) and 
longer contact time (SO-'iS min). High chlorine residuals create their 
own toxicity problems and one consequence in California has been increasing 
use of dechlorination techniques (7). 

PRESENT PRACTICE - CHLORINATION 

Chemistry of Chlorination in Wastewater 

This is a complex subject and only the bare essentials will be 
addressed, as relating to wastewater from conventional secondary treatment 
containing 10-30 mg/l of ammonia, 

Chlorine gas Is soluble in water (7160 mg/l at 20 C and I atm) 
and hydrolyzes rapidly to form hypochlorous acid (HOCI) (Table h. Equation 1) 
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When the chlorine dissolves in water there is an accompanying lowering 
of solution pH. If the pH of the solution is adjusted to 5.0 or below 
all the HOC I is in the undissociated form. This is the most powerful 
disinfecting species and in this condition the chlorine may truly be 
described as a wide spectrum disinfectant (8). Between pH 5.0 and pH 
8.5, there is a sharp change from undissociated to dissociated hypochlorous 
acid. At pH 7.5 or above, hypochlorite ions (OCI ) predominate. Hypo- 
chlorite is a relatively poor disinfectant compared with free HOCl, 

TABLE k, FUNDAMENTAL REACTION OF CHLORINE IN WASTEWATER (l) 

Equation Species 

I Cl^ + H2O * HOCl + H"^ + Cl" Hypochlorous Acid 

t HOCl + NH * NHCI + H^O Mono-Chloramine 

I HOCl + NH^CI -> NHCI2 + H^O Di-Chloramine 

t HOCl + NHCI^ -^ NCI + H^O Tr i-Chloramine 

In typical wastewater disinfection chlorine gas is dissolved 
In a small fraction of the total volume of wastewater to make a concen- 
trated solution up to 3500 mg/1 in strength, at low pH. This solution 
contains HOCl as a predominant species. 

The concentrated solution is then mixed with the bulk of the 
wastewater. At this point the reactions of chlorine with ammonia in the 
wastewater become very important. The possible reactions are given In 
Table k. Equations 2, 3 and U. The end products are the chloramines which 
have disinfecting properties much weaker than those of hypochlorous acid. 

The dominant species formed depends upon the pH and ammonia: 
chlorine ratio. At pH 7-8 and 17°C-20°C for chlor ine:ammonia weight 
ratios of 5:1 or less, essentially all the free chlorine will be converted 
to mono-chloramine. Under these conditions, the reaction can go to 
completion In less than 1 second given efficient enough mixing (1). 

Mono-chloramine is a much less potent disinfectant than hypo- 
chlorous acid. It has been shown (9) that in the pH range typical for 
wastewater, about twenty-five times the amount of combined chlorine is 
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required relative to hypochlorous acid for the same germicidal efficiency. 
Additionally, mono-chloramine is a mucin poorer vlricide (8). 

It has been contended by some investigators that because of the 
rapidity of the reaction to form chloramines, the free chlorine Is present 
In the wastewater too briefly to play a significant overall part in the 
disinfection process. Other investigators have argued the contrary - 
namely that a significant contribution towards elimination of more resistant 
organisms occurs during this very period. Regardless of what happens 
In the first few seconds after mixing, it is certainly the case that for 
practically the whole of the contact chamber detention period there is 
no free chlorine present. 

During the first period after mixing of the concentrate, the 
bulk of the wastewater "chlorine demand" Is being met. By "chlorine 
demand" we are referring to "side-reactions" of the chlorine with both 

inorganic and organic matter, living, dead and inanimate. 

++ ++ 
The reactions with inorganic reducing agents such as Fe , Mn 

and H S occur quickly In stoichiometric proportions. The reactions with 

organic compounds are generally slower, and the extent to which they 

proceed depends on the amount of excess chlorine. The total demand is 

a function of concentration of reactants, temperature and time. That 

portion of the chlorine used for bacterial kill forms part of the variable 

demand. Reactions occurring with organic nitrogen are a disguised part 

of the variable demand. The end products of reactions with organic nitrogen 

report as chloramine when the amperometric method is used to determine 

combined chlorine species. N-chloro compounds thus formed in wastewater 

chlorlnation generally have little or no disinfecting value, but the 

amperometric technique cannot distinguish them from any true di-chloramlne 

which may be formed by the reactions of chlorine and ammonia. 

Temperature Effects 

Wastewater pH, and ammonia content are not subject to ready 
alteration In operating plants. Temperature variations are also inherent 
in treatment plant operation In Canada. Lowering the temperature of 
disinfection can seriously impair the efficiency of the process. In one 
series of laboratory tests (lO) with mono-chloramine using E. coll and 
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S. typhosa as test organisms, it was shown that following a decrease in 
temperature from 20 C-25 C to 2 C-6 C it required 9 times the exposure 
or 2.5 times the quantity of chloramine residual to produce a 100^ kill. 

Effect of Contact Time and Residual 

These two parameters are recognized as being interchangeable 
to some extent to obtain the same coll form kill. There have been many 
attempts to model the disinfection process and predict the end result. 

The recent model proposed by Collins, Selleck and White (11), 
based on results obtained in a stirred batch reactor, assigns equal 
importance to residual and contact time. 

The equation is: 

Y/Yo = (1 + 0,23 ct)~^ 

where: Y = MPN in the chlorinated wastewater at the 
end of time t. 

Yo = MPN in the wastewater prior to chlorination. 

C = total chlorine residual, mg/1. 

t = contact time, minutes. 

The equation obviously requires extensive field evaluation in 
continuous systems before being considered seriously as a design tool. 
However, most models proposed for chlorination have included only coliform 
counts, chlorine residual and contact time as variables, within the 
disinfection process. 

Fifteen to forty-five minutes seems to be the range of contact 
times in common use for a defined peak flow for secondary treatment plant 
effluents. 

DESIGN FOR AN OPTIMUM SYSTEM 

Initial Mixing 

It has been shown by numerous investigators (11, 12) that thorough 
mixing of concentrated chlorine solution and the bulk wastewater produces 
greatly enhanced disinfection effects. Various explanations have been 
suggested. One suggestion Is that significant enhancement of disinfec- 
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tion due to HOC I occurs during the period of reaction of chlorine and 
ammonia to chloramines , especially when extreme turbulence or shear 
is occurring due to intense mixing. A second theory is that intense 
mixing and shear breaks up clumps of microorganisms enabling more effective 
disinfection. 

A third theory which has been advanced is that the organic 
chloramines which are formed have the effect of "poisoning" residuals of 
mono-chloramine even where the residual is only a few minutes old. From 
this it follows that good mixing Is needed immediately to maximize the 
use of fresh chlorine residual. 

Whatever the explanation, good initial mixing is necessary for 
optimum disinfection. Some mixing devices which have been suggested or 
used are listed in Table 5- 

TABLE 5. MIXING DEVICES FOR CHLORINATION 

Pressure Conduit in turbulent flow 

Hydraulic Jump - in a flume, channel or at a submerged weir 

Pipel ine Mixer 

Mechanical Turbo Mixer - in a separate mixing chamber 

Venturi - with chlorine applied at the throat 

Eductor - with chlorine solution as the induced fluid 

Contact Chamber Design 

A major factor in best practice is knowing the detention time 
in the contact chamber with some certainty. This suggests a chamber with 
minimum "dead" areas of no flow, so that nominal and actual detention 
times are very close. Additionally, the chlorine residual "poisoning" 
theory suggests that back-mixing should be avoided as far as possible not 
just because of wasted volume, but because back-mixing is positively 
harmful to fresh chlorine residuals. These considerations suggest a 
contact chamber with highly developed plug flow characteristics. 

Several recent studies (6, 11, 13) have investigated different 
types and configurations of contact chamber. The closed pressurized 



conduit and the longitudinally baffled contact chamber seem to be the 
easiest to design well. A length:width ratio of hO:] or greater (13) 
has been recommended to develop full plug flow characteristics. Careful 
attention to hydraulic factors such as entry and exit locations and 
geometry is also essential. 

Finally, the design of the contact chamber should allow for 
easy flushing and cleaning for solids removal on a regular basis. 

Process Control 



The technology of process control for chlorination relates to 
maintaining a preset total combined chlorine residual at the end of the 
chlorine contact chamber detention period. Once the WPCP is built, and 
in service, chlorine residual is the only factor that can be readily 
adjusted. 

At the crudest level of control , the residual can be maintained 
by manually setting the rate of chlorine addition. For good control 
using this method the implication would be that neither hydraulic flow 
nor chlorine demand vary significantly. Since flow alone can easily 
vary over a h:) range, it is obvious that either gross overdosing must 
be practised some of the time or residual will fall below the minimum 
acceptable value some of the time. 

Next in complexity, there is flow-paced chlorine application 
in which chlorine is added in a definite ratio of hydraulic flow. This 
offers the possibility of much better control but is still far from perfect 
since the residual maintained is usually a small proportion of the total 
chlorine applied. For a chlorine residual of 0.5 nig/l and application 
rate of 5 mg/1 the residual is only 10^ of total application rate. If 
the control is set up based on peak chlorine demand, some overdosing will 
occur at times, but with good surveillance it is possible to maintain 
a minimum residual more consistently than with manual control. 

The most complex, and theoretically the best residual control 
system, is compound loop control. In this system one or more amperometric 
residual analyzer controllers, plus a flow measuring device, are used to 
control the end-of-contact-chamber residual. 

Such a system is sophisticated and expensive, and only suitable 
for large plants. Compound loop control has found greatest use in waste- 



62 



water treatment plants on the West Coast of the United States where 
chlorine residuals in excess of 't tng/l are not uncommon (6). In such 
applications, in a well designed system it is possible that the systems 
can justify their cost in terms of chlorine savings. 

The method of analysis used for chlorine residual is obviously 
of prime importance In good control. The amperometric titrator using 
Phenylarsine oxide as a reducing agent is the best available method for 
residuals In the range which Is common in WPCP's and should be used where- 
ever possible. 

Effectiveness of disinfection with Chlorine 

When discussing this topic In relation to conventional wastewater 
disinfection. It cannot be emphasized too strongly that disinfection 
occurs essentially by the action of mono-chloramine with only the 
fleeting presence of hypochlorous acid. 

With respect to the disinfecting ability of combined chlorine, 
the position is reasonably clear. Combined chlorine Is deficient as 
a viricide and cysticide (8, 12). It is effective on the less resistant 
pathogens including many organisms capable of causing serious disease 
in man (10), when disinfection is properly practiced, as judged by high 
percentage kills of the total and fecal col i form groups. 

The disinfecting ability of chlorine is used at some overall 
cost to the receiving water. Most notably, chloramlne residuals toxic 
to fish and other aquatic life remain, and It is this, more than any 
other factor that has spurred research on replacements for chlorine in 
recent years. 

DECHLORINATION 

In view of the known toxicity to aquatic life of low levels of 
chlorine residual, additions of a dechlorination stage may be considered 
desirable In some WPCP's. 

Dechlorination with sulphur dioxide is the best developed and 
least expensive technique at the present time. It has been demonstrated 
on a large scale (2, \h) . The chemical reactions occurring are shown In 
Table 6. A dilute solution of sulphurous acid is formed by dissolving 
the sulphur dioxide In water using a modified chlorinator as the gas 
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metering device. This solution is then rapidly mixed with the wastewater 
after the chlorine contact period is over. The reaction with the chlorine 
is virtually instantaneous given good mixing conditions. All of the 
combined chlorine can be reacted to chloride at stoichiometric addition 
rates of sulphur dioxide, approximately 0.9 pounds of sulphur dioxide 
per pound of chlorine. 

TABLE 6. CHEMICAL REACTIONS TAKING PLACE 

IN DECHLORINATION WITH SULPHUR DIOXIDE 

With free chlorine SO2 + HOC 1 + HO -»- SO," + Cl" + 3H* 

With combined chlorine SO^ + NH^C I + 2H^0 -* 50,^ + 01" + 2H"'' + NH, "*" 

2 2 2 H 4 

2S0 + NHCI2 + AH2O ->- 2S0^" + 2Cr + SH"^ + NH."' 

With dissolved oxygen 250. + 2H,0 + 0, ^' 2H„S0, 

Z c Z 2 4 

The addition of sulphur compounds to the water increases the 
total dissolved solids slightly and can be considered to be responsible 
for regenerating the ammonium ion associated with the combined residual. 
These disadvantages are of little consequence, provided the chlorine 
being destroyed is small to begin with. 

Two rather more practical problems are that excess sulphur 
dioxide will result in an additional oxygen demand of the effluent, and 
that lowering of wastewater pH can occur. 

Both problems can be largely avoided by close control of the 
addition rate of sulphur dioxide. Where effluents with high dissolved 
oxygen are required, a post-aeration stage can be added. 

To achieve close control of a dechlorination stage necessitates 
automatically controlled chlorine residuals to minimize the sulphur 
dioxide added. Flow proportional control of the sulphur dioxide addition 
rate is also required. 

It is obvious that such a closely controlled process is best 
suited to larger WPCP's. 

The chief objection to the whole process of dechlorination 
and reaeration is the increase in complexity of the disinfection process, 
without any corresponding benefits in disinfection itself. The added. 
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costs of the whole procedure of dechlorination and reaeration can be 
considerabJe. One recent estimate (15) is that the total added cost is 
in the range of 1.2 times the cost of chlor inat ion. The dechlorination 
step itself represents about one third of the added cost. 

THE FUTURE 

General 

When discussing the future in relation to disinfection, there 
are two distinct types of requirements to consider. 

The first is for an upgrading or change in the disinfection 
method of choice for wastewaters essentially the same in quality as those 
of today, with high levels of ammonia, suspended solids and turbidity, 
and significant "demand" for powerful oxidants. The second requirement 
is for disinfectants for advanced wastewater treatment. The latter types 
of wastewater can be very diverse In quality, and any projection of needs 
are guesses at best. However, the future of chlorination for disinfection 
in such processes is probably linl<ed with the elimination of most of the 
ammonia before disinfection, by nitrification or other means, permitting 
chlorination to a free residual, and full use of the superior disinfecting 
ability of H0C1. 

Most of the alternatives to chlorine for disinfection which are 
being investigated are potentially useful for both the requirements out- 
lined above. Their true advantages and disadvantages will only become 
apparent after long and thorough testing. Some of the alternatives which 
have been, or are being, seriously pursued today for wastewater disinfection 
are shown in Table 7- Of these, gama irradiation is probably one of the 
more versatile. The application and control of this disinfecting agent is 
radically different to that of chlorine and other strongly oxidizing 
disinfectants and it will therefore be considered in this paper. 

TABLE 7- SOME POSSIBLE ALTERNATIVES TO CHLORINE FOR DISINFECTION 

Chlorine Dioxide 

Ozone 

Bromine Chloride 

Gamma Irradiation 

Ultra-violet Radiation 
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Gamma Irradiation 

Sterilization by gamma irradiation has been used extensively 
upon drugs, food and hospital supplies. Radiation at the level necessary 
for sterilization does not induce radioactivity and has the capability 
of penetration into organic particles. In laboratory studies its effec- 
tiveness has been shown to be little changed in the presence of organic 
matter at the concentrations found in wastewaters (16, 17, l8). These 
studies using radioactive Cobalt 60 showed that the technique could 
potentially be used for wastewater disinfection. They also established 
that gamma irradiation is effective in wastewater against a wide variety 
of organisms, including total and fecal coliforms, fecal streptococci, 
E. col i bacteriophage and spores. More recently, pilot plant studies (19, 20) 
have shown that performance on wastewater is predictable, controllable 
and effective. 

The data referred to here are reproduced from studies conducted 
over an 18 month period at the Burlington Skyway WPCP, an extended aeration 
plant. The studies were carried out using a pilot scale irradiation system 
constructed by Geodel Systems Inc. of Georgetown, Ont. The Ontario 
Ministry of the Environment and consultants retained by Geodel carried 
out an evaluation of the system, which was designed for flow rates in the 
range of 2500-25000 I gal /day. 

The irradiator consisted of a closed unit incorporating a 
series of annul! for flow of the wastewater with over and under baffles. 
Pencils of Cobalt 60, the irradiation source, were located in holders 
within the unit around an inner annulus. Clarified secondary effluent 
was pumped from the overflow channel of the secondary clarifler to the 
irradiator, and irradiated effluent was wasted to the plant outfall line. 
Further details of irradiator design, safety and fail-safe precautions 
are available in the original reports on the evaluation (20, 21). 

For purposes of comparison with chlorine, a small-scale pilot 
system was set up in the WPCP with a well -baffled contact chamber, using 
hypochlorite solution as the chlorine source. Both the small-scale 
chlorine contact chamber and the gamma Irradiator were operated at fixed 
flow rates. The flow rate to the chlorine contact chamber was arranged 
to give a 30 minute detention period and a residual of 0.5 mg/1 (as 
measured by O.T.A. method) at the end of contact. 
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The flow rate through the irradiator was periodically adjusted 
to give a different total radiation dose. Previous studies had established 
that disinfection effects should be proportional only to the total dose 
(16, 17. 18). 

It was found that dosages of 100,000 rads were necessary to 
achieve total coliform kills comparable with those of the pilot scale 
chlorine system. This dosage could only be calculated from a knowledge 
of detention time and the quantity of Cobalt 60. It was not possible to 
obtain practical measurement of the level used. 

A comparison of overall results at the 100,000 rads dosage level 
is given in Table 8. The performance of the irradiation system was superior 
for kill of total coliforms, slightly inferior for fecal col i forms and 
much less efficient for fecal streptococci. Bacteriophage was present 
in both of the disinfected effluents. Salmonellae were isolated only 
once in 12 random observations during the test period at 100,000 rads. 

The chlorine system performed well during the test period 
showing what can be done with a well controlled, well designed, flow 
equalized system. 

Table 9 shows the percentage kills obtained with gamma irrad- 
iation on samples from two successive weeks and the variation in indicator 
organism counts before disinfection, during the same period. 

Determination of a wide variety of parameters during the period 
of operation at the 100,000 rad dosage level detected only one change 
in effluent quality - an increase in nitrite concentration after irradiation. 

Irradiator performance with respect to percentage kill of total 
coliforms was also very close to previously predicted values, based on 
laboratory scale work (21), at various radiation dosage levels. 

The ability to select the lethal dose for a particular group 
of organisms, based on laboratory scale experiments, and then consistently 
achieve that result In a continuous system, cannot be matched at present 
by other disinfecting agents. This consistency of results, combined with 
the need for only minimal operator attention, and absence of gross 
interaction with the wastewater, is impressive. 



99-31 


98.22 


98.05 


33. n 


8ii.A2 


98.80 


96.96 


98.31 


Present 


Present 


Present 


Present 



TABLE 8. AVERAGE PERCENTAGE INACTIVATION OF MICROORGANJSMS 
BY GAMMA IRRADIATION AND CHLORINE (20) 



Constant flow rate to each system 

Results based on a minimum of 12 random observations 

Irradiation Chlorine 

at [. 0.5 mg/1 residual 
100,000 Rads 30 min. contact time 

Total Col i form 
Fecal Col i form 

Fecal Streptococci 

2 
Total Bacteria 

3 
Bacter lophage 

k 
Salmonel lae 

1 Bacteriological testing based on grab samples and standard membrane 
filter techniques. 

2 Bacteriological testing based on grab samples and pour plate technique. 
Samples diluted and plated onto tryptone-glucose extract agar (Oifco) . 
Plates incubated at 35 C for k^ hours. 

3 Bacteriophage based on grab samples and MPN technique of Kott and 
Vajdic. In addition 50 ml of effluent sample was added to 50 ml 
double strength lauryl tryptose broth, follcwed by addition of host 
bacterium E.coM b. After incubation and plating-out of MPN method, 
presence or absence of bacteriophage in the 50 ml samples could 

be determined. 

h Bacteriological testing based on Moore swab sampling. Salmonel lae 

determined by method of Yoshe-Purer et al. Water Res. ^, #3, 113~120, 
1971. 

5 One rad is an energy unit defined as the adsorption of 100 ergs per 
gram materia 1 . 

6 Salmonel lae detected only once in 12 random observations. 
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TABLE g. GAMA IRRADIATION: TYPICAL RESULTS 

FOR INACTIVATION OF INDICATOR ORGANISMS 



Iota I Col i forms 



Date Count/ 1 00 ml 
I nf I uent 



Feca I Col i forms 



Fecal Streptococci 

% Count/lOO ml % Count/ 1 00 ml % 

nactivation Influent Inactivation Influent Inactivation 






Jan. 8 

Jan. 9 

Jan. 10 

Jan. 15 



2. I X 10 



2.5 X 10 



3.7 X 10 



I . 5 X 10' 



99.33 



99.04 



99.13 



99.73 



1 .35 X 10 


97.04 


6.0 X 10 


76.67 


1 .70 X 10"^ 


99.41 


1.02 X 10^ 


81.37 


5.0 X 10^ 


96.40 


1.65 X 10^ 


77.58 


9.0 X 10^ 


99.33 


8.4 X 10^ 


94.05 



Above results based on grab samples and membrane filter techniques, 



The major operating task with this type of system, would be 
replacing some of the Cobalt 60, which decays at a predictable rate, 
to maintain the required dosage rate. This could be carried out on 
an annual basis. 

Possible toxicity problems associated with Irradiated effluents 
would need careful evaluation before applying the process widely. At 
the present time, the major known problem with this type of disinfection 
is the very high cost. Geodel have produced cost estimates (20) of 64</1000 
gallons based on a 99-9? kill of total coliforms to leave about 1000/100 ml 
in the disinfected effluent. Unless this cost can be drastically reduced, 
gamma irradiation is unlikely to be used. 

Ozonation 

There is currently considerable interest in ozonation as an 
alternative to chlorination for wastewater disinfection. 

This interest Is sustained by four major factors. Firstly, 
there is the well documented disinfecting power of ozone, in water 
containing low levels of organic matter. Secondly, based on limited 
available evidence, ozonated effluents are apparently non-toxic to aquatic 
life. Thirdly, significant upgrading effects may be expected to accompany 
the disinfection process. Lastly, there Is the additional factor that 
Since ozone usage on a large scale has been practiced for almost seventy 
years, the technology of ozone generation is well developed. 

It is In the field the municipal water treatment, especially 
in Europe (25) that ozone has found its widest use, for purposes of taste 
and odour control and disinfection. Facilities on a large scale have been 
built and are operating today. In wastewater treatment, ozone has been 
extensively investigated, on a pilot plant scale, to assess the upgrading 
potential of ozonation as a unit operation In the flowsheet of Advanced 
Wastewater Treatment plants (22, 23, 2k). 

In the field of wastewater disinfection, ozone has never become, 
to the present time, a serious challenger to chlorine, mainly because 
of the greater cost and complexity of ozonation. With the current drive 
towards eliminating chlorine-induced toxicity In effluents discharging 
to sensitive receivers, cost and complexity no longer automatically 
override all other factors and ozone is now being considered again. 



Effectiveness of ozone as a disinfectant 

Numerous laboratory studies (26, 27, 28, 29) have been carried 
out on ozone-demand free waters. In these, ozone has been shown to be 
an effective bactericide, sporicide, cystlcide and viricide at low concen- 
trations (0.1-3 nig/1), and low contact times (5 minutes or less). 

In laboratory tests upon cultures of bacteria suspended in 
buffered water, addition of very small amounts of organic contaminants 
has been shown to significantly increase the total ozone dosage required 
for complete inactivation (26). 

In laboratory batch tests on wastewater, longer contact periods 
and high total ozone dosages have been shown to be necessary to produce 
effective bacterial inactivation (26, 32) than in demand free water. 
Such laboratory tests have confirmed that ozone is a powerful disinfecting 
agent in wastewater. 

In one series of tests (32) it was shown that not only did ozone 
destroy col i forms and fecal streptococci in wastewater more rapidly 
than chlorine, but also that the action of the ozone, unlike chlorine, 
was not significantly temperature-dependent in the range of -30 C. 

A number of recent pilot plant studies have been carried out 
on activated sludge plant effluent, filtered and unfiltered, and effluents 
from physical-chemical processes (12, 33, 3^). 

The dosage of ozone required to achieve good disinfection on 
secondary effluents, as judged by acceptable total col i form and fecal 
coliform reductions has been in the range of 5-15 mg/1 in most of these 
studies. Contact times varied from less than 1 minute to 20 minutes. 

A wide variety of upgrading effects have also been reported. 
Some widely observed effects are noted in Table 10. The magnitude of 
each Individual upgrading effect has varied widely, in different studies, 
as might be expected since initial wastewater quality also varied 
widely. A further side-benefit of ozonation is that disinfected effluent 
with high dissolved oxygen levels can be obtained, if considered desirable, 
especially where ozone Is generated from pure oxygen. 
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TABLE 10. UPGRADING EFFECTS ACCOMPANYING DISINFECTION BY OZONE 

Reduction in Suspended Solids 

Reduction in COD 

Reduction in Colour 

Reduction in Turbidity 

Oxidation of Ni tri te 

Destruction of Cyanides 

Destruction of ABS and LAS Detergents 

Reports from different studies have ascribed varying degrees of 
importance in upgrading to froth floatation effects accompanying ozonation. 
The froth, which is generated due to the disengagement of undissolved 
gases from the water after ozonation, can contain appreciable amounts 
of suspended solids. It can be readily skimmed and removed, thus enhancing 
upgrading effects. 

Two recent pilot plant studies (12, 3^) have concentrated on 
assessing the viricidal efficiency of ozone in wastewaters from the 
activated sludge process, with the usual ammonia levels. These studies 
showed that ozone was highly effective, much more effective than chlorine, 
for viral inactivation, even at low dosages where good bacterial kill 
was not obtained. 

A recent critical review (lO) of the use of ozone for wastewater 
disinfection notes that most of the studies to date have been carried out 
on a small scale (less than 0.15 MGD), for a few months duration at most. 

The methodology used In conducting these studies and the reported 
results have amply demonstrated three major deficiencies in current state- 
of-the-art knowledge and technology for application of ozone to wastewater. 
These are discussed below. 

Mixing and contact systems 

No obvious first choice of mixing or contact systems has emerged 
to date, although a wide variety of mixing devices, in particular, have 
been evaluated. 
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Table 11 lists some devices which are currently in use in 
pilot plants or have been evaluated in them. Some of them have been 
shown to have definite advantages in a specific case, none are suitable 
for universal application. 

TABLE 11. OZONE MIXING DEVICES 

Static Mixer Element 

Sonic Mixer 

Venturi Mixer 

Porous Plastic Diffuser 

Multi-turbine Shaft Mixer 

A wide variety of contact times has been previously noted as 
having been used In pilot plant studies. The minimum contact time used 
in ozonation pilot plants is partly governed by the number of mixer- 
contactor stages needed to solubillze the required total dosage of ozone, 
efficiently and without excessive losses. 

The required contact time, mixing energy and number of contact 
stages can all greatly affect the economics of ozonation. The criteria 
to permit design of large scale complete systems for optimum performance 
are not yet well defined. 

Process control 



Pilot plant studies of disinfection by ozone, and most other 
disinfectants, invariably operate at fixed hydraulic flow rate, primarily 
to make data interpretation easier. However, with full scale disinfection 
processes, effective mechanisms for good process control are needed. 

The ability to alter the addition rate of disinfectant to the 
wastewater is an essential feature of good process control, needed to 
match changes in either or both of hydraulic flow and effluent "demand". 
Changes in the application rate of disinfectant must be achievable at 
times significant to the disinfection process itself. 

Changes to match effluent "demand" present the greatest problem 
in current state-of-the-art knowledge of ozonation. No concepts exist 
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in current ozone technology, relating to wastewater disinfection, equivalent 
to the role in chlor inat ion, of chlorine demand, and end-of -contact-period 
residual. There is no single key parameter in either the undi s infected 
or disinfected effluent which can be readily measured and used for 
control of the process. A residual may appear and it may not, more 
frequently not. its presence or absence is certainly related to the 
quantity of ozone-oxidizable material in the wastewater, but not 
necessarily to the disinfection efficiency achieved. In practical 
situations, even where a residual does develop it often decays very 
swiftly, within 10 seconds of leaving the contactor in one reported study 
(35). 

At the present time, there is no ready means of predicting the 
ozone dosage needed to disinfect a wastewater, and pilot plant studies 
are essential in each case. The only simple means of process control 
available is that of consistently overdosing ozone in the hope of 
obtaining good disinfection. 

Complexity of ozone generation and use 

Ozone must be generated at site. Site generation of ozone or 
any other chemical to be used in wastewater treatment usually means 
added complexity of use when compared with those chemicals which can be 
brought to site and stored in concentrated bulk form until required. 

Ozone may be generated from air, oxygen-enriched air, or pure 
oxygen. Each system may have advantages for a specific case. Regardless 
of what gas is fed to the ozonator, the ozonation system will be complex. 
As an example, the elements in an ozonation system using air are shown in 
Table 12. Because of the need for standby capacity, at least two equipment 
streams or back-up chlorlnation equipment, will be needed. 

It is inappropriate to make detailed comment on the amount of 
operator attention that monitoring and control of the ozone contactor and 
overall system will require, since there are so many possible designs of 
system to choose from, and a lack of operating experience at the present 
time. It is sure to be greater than that for a chlorine system, even with 
dechlorination and reaeration facilities added. 
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TABLE 12. DISINFECTION BY OZONATION - ELEMENTS IN 
A SYSTEM GENERATING OZONE FROM AIR 

Air Preparation 

Air Filter 

Air Blower 

Air Dryers - Refrigerant Stage 
- Dessicant Stage 
Ozone Generation and Application 

Ozone Injector 

Ozone Contactor 
Controls 

For Ozone Application Rate 

For Safety and Malfunction 

Costs of ozonation 

There are few reliable data to provide a basis of comparison 
between the dosage of chlorine and ozone needed for equivalent disinfection, 
Equivalent disinfection should be judged by the inactivation of selected 
organisms, to a specified level, after disinfection. 

Such data as exist indicate that the ozone dosage will 
usually be more than that for chlorine, if the criterion used is the 
Inactivation of total or fecal coliforms (10). A number of ongoing pilot 
plant studies are being conducted in Canada and the U.S.A. comparing 
ozone and chlorine. These will generate additional data on relative 
dosages needed for equivalent disinfection. 

When used at the same dosage (as mg/1 applied to the wastewater), 
the cost of ozone has been estimated in one recent study (15) as being 
currently between twice and four times the cost of chlor ination , for 
plants in the range of 0.8 IMGD-80 IMGD. On all but the smallest size 
plant costed (0.8 IMGD), the projected cost of ozonation was considerably 
greater than that of chlori nation, dechlorination and reaeration. Any 
projected costs for large scale disinfection by ozonation must be regarded 
as tentative, until a few installations have been built and have operated 
for some years. 
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Prospects of disinfection by ozonation 

In the near term there are probably two promising potential 
applications in wastewater disinfection. 

The first is in water reclamation plants, where the upgrading 
potential, good bactericidal and viricidal abilities of ozone may make 
it the disinfectant of choice. 

The second is in plants using the pure oxygen activated sludge 
process. in this case, large scale oxygen storage or production facilities 
will already exist at the treatment plant, and the incremental cost of 
producing oxygen for use In the ozonator will be lower than usual. Gases 
from the ozone contactor can probably be wasted to, and used In, the aeration 
tanks, thus eliminating the necessity of an oxygen-red rculatlon system 
for these gases. 

Widespread use of ozone for wastewater disinfection will probably 
not occur until such time as significant advances take place in technology 
relating to Its effective application. 
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INTRODUCTION 



Sewage flows In municipal sewage systems typically exhibit diurnal, 
daily and seasonal variations. The flow variability is attributable to, 
among others, non-uniformity in domestic water usage, industrial discharges, 
storm runoff, and the physical condition of the sewer lines. In the past, 
sewage treatment facilities have been commonly designed on the basis of 
treating the average daily flow with provision for handling a portion of 
the normal flow fluctuations. During periods of extreme high flow, however, 
flows exceeding a certain level would be allowed to bypass one or more 
treatment stages, resulting in the discharge of partially treated effluent. 
In some facilities the pollutional load of yearly wet weather overflows, 
for example, has been estimated to be of the same order of magnitude as the 
total yearly discharge from secondary treatment facilities (l). To 
protect the quality of the environment, current efforts in Canada and 
abroad are aimed at reducing the discharge of untreated or partially treated 
wastes while maintaining high removal efficiencies at reasonable cost. 

Potential alternatives for eliminating untreated discharges include 
flow smoothing in sanitary sewerage systems, separate treatment for 
overflows and flow equalization within the waste treatment plant. The 
first alternative can involve the installation of flow smoothing basins 
at key locations within the sewerage system (2, 3). Wastewater is stored 
in the basins during periods of peak flow. Later it is released to provide 
nearly constant delivery to the waste treatment plant. Although this 
alternative may bring about effective flow control, and presumably higher 
waste treatment efficiency, in many urban situations it may not be econo- 
mically attractive. Often no land is readily available at key locations, 
therefore, the basins must be constructed underground at high costs. 
Furthermore, additional pumping stations must be installed for emptying 
the storage basins. 
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Separate treatment of wet weather sewer overflows has been prac- 
tised at least at one location in the U.S. {h) , The combined sewer over- 
flow receives 15 to 30 minute treatment in contact with stored viable sludge 
in aerated contact stabilization basins. Subsequently, the wastewater 
receives clarification and chlorination prior to discharge. Approximately 
90 percent suspended solids and 80 percent BOD removal have been reported 
for this system. To date, a full evaluation of this approach has not 
been published. From the available data it appears that this technique 
is not without limitations. Maintaining a viable sludge between incidents 
of overflow and treatment efficiency at increased hydraulic loadings on the 
clarifiers during wet weather flow can create serious operational problems 
in conventional treatment plants. 

Considering cost effectiveness and performance, the installa- 
tion of equalization bastns within the waste treatment plant appears to 
be a promising solution (5 - tO). Excess flow is stored temporarily in the 
basin and released during periods of low flow. Possible locations in the 
treatment system for siting flow equalization basins include ahead of the 
primary or secondary facilities (9, 10). 

For maximum efficiency, the flow would have to be regulated to 
achieve a constant flowrate over the entire year. However, long-term 
storage, say from one season to another, would be highly impractical. 
A more rational approach is to design equalization basins with sufficient 
storage volume for the modulations of the diurnal variations in sewage flow. 

To date, the potential benefits of flow equalization have not 
been completely evaluated. Only a partial evaluation of a few case studies 
has been reported (6). A full-scale study on diurnal flow equalization 
has been published by LaGrega and Keenan (9). The authors found 
significant improvement of suspended solids removal efficiency in 
primary sedimentation with equalization. Furthermore, the diurnal varia- 
bility of effluent water quality was significantly reduced. 

For effective equalization design, an accurate forecasting of 
raw sewage flow is essential. The literature contains several methods 
of flow analysis, the simplest being the approximation of daily average 
flows by a Gaussian distribution and the diurnal variation by a sine 
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function (7). An inspection of existing Ontario flow records indicates 
that these assumptions may be erroneous. A better approach is the time 
series analysis of flow in terms of Fourier polynomials and frequency power 
spectra (10, 11). The predicted flow profile can then be used for sizing 
and controlling flow to and from the basin to ensure near steady state 
operations. Time series analysis, however, is complex, and requires a 
large input of data. 

With this in mind, this paper discusses the development of a 
methodology, based on the statistical properties of sewage flow, for the 
design of equalization basins; the assessment of potential benefits to 
treatment plant performance; and, the evaluation of the potential economic 
benefit of flow equalization. In this regard the daily and the diurnal 
flow fluctuations in eleven Ontario sewage treatment plants were assessed 
to establish realistic design criteria for waste flow equalization prac- 
tices. 

IMPACT ON TREATMENT 



The installation of a side-line equalization basin prior to 
primary treatment was examined in detail. A schematic diagram of a 
wastewater treatment plant utilizing flow equalization is shown on 
Figure 1. A defined fraction of the raw sewage is diverted and stored 
temporarily in the equalization basin. The basin is aerated to prevent 
the development of anaerobic conditions and foul odours. When the raw 
sewage flow falls below a predetermined level, the stored sewage is fed 
at controlled rates to the primary treatment unit to maintain uniform 
flow and empty the equalization basin. Expected advantages of equalization 
include better treatment efficiencies, extension of the design life of 
plants, and elimination of sewage bypassing. Incorporating equalization 
in the design of new sewage treatment plants could result in cost saving 
by selecting smaller primary and secondary facilities. 

Due to the more uniform hydraulic and mass loading, a positive 
impact is expected on a 1 1 treatment stages. The actual benefit of flow 
equalization should be established from comparative case studies of 
wastewater treatment with and without equalization. At the present, 
little full-scale operating data are available, although a number of 
equalization practices are currently under evaluation or at the design 
stage. 
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SCHEMATIC DIAGRAM OF WASTE WATER 
TREATMENT FACILITIES WITH FLOW 
EQUALIZATION 
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The impact of flow equalization on the primary sedimentation 
unit was investigated by LaGrega and Keenan (9, 10). The authors performed 
a full-scale study at the 1.8 MGD Newark, N.Y., wastewater treatment plant. 
With equalization, a k7 percent removal of suspended solids was realized 
in primary sedimentation, compared with an average 23 percent removal 
efficiency wi thout equalization. Microscopic examinations revealed that 
pre-aeration in the equalization basin induced pref loccuiation. Thus, the 
improved efficiency is attributable to the more uniform overflow rate 
in the primary, as well as the beneficial effect of induced solids floc- 
culation. 

An additional benefit may also be realized in the performance 
of secondary facilities. The damping of flow fluctuations will moderate 
shock loadings and improve the BOD removal efficiency, particularly in 
activated sludge units where present aeration and return sludge pumping 
facilities are not adequate to meet peak flow and BOD loading conditions. 

Due to more uniform solids loading, flow equalization can be 
expected to improve secondary sedimentation by stabilizing the solids 
loading on the clarifiers. However, since maximum flows occur for long 
periods of time under flow equalization conditions, it is critical that 
the final clarifiers be designed for a lower 'maximum overflow rate' 
than for variable flow conditions (8). Comparative data concerning the 
effect of equalization on secondary and post-secondary facilities are 
very limited. One flow equalized municipal wastewater treatment plant 
is reported to produce a high quality effluent with BOD and suspended 
solids levels less than h mg/1 and 5 mg/1 respectively (6). 

In a recent full-scale study (12) the effect of in-line and 
side-line equalization on the performance of municipal wastewater treat- 
ment plants was assessed. Both systems were highly effective in providing 
uniform flow to the treatment units, but the effect of equalization on 
both primary and secondary effluent water quality was less significant 
than other operational variables. The results are somewhat contradictory 
with previous observations (6, 10). Post-secondary filter performance, 
however, improved with equalization practice. 
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EQUALIZATION BASIN DESIGN 

Determination of equalization volume requirements is often 
based on the characteristic diurnal flow pattern. The most common proce- 
dure (6, 8) used is illustrated on Figure 2. In this hydrograph, cumula- 
tive flow over a 2A-hour period is plotted against time. The straight 
line represents equalized flow conditions. At any particular time the 
instantaneous flowrate is given by the slope of the curves. From time 
"o" to "a" the uncontrolled flowrate is less than the mean flowrate. 
Between points "a" and "b" the inflow rate exceeds the controlled outflow 
and after "b" the inflow rate again falls below the outflow. At points 
"a" and "b" the two flowrates are equal. Consequently, the volume of the 
raw sewage requiring storage is the sum of the vertical distances between 
points "a" and "b" and the constant flow line. This procedure, although 
simple in concept, is highly dependent on the selection of the proper 
diurnal flow data. Diurnal flow patterns, however, vary from day to day 
and from season to season. The inadvertent selection of atypical diurnal 
patterns is likely to lead to erroneous design. Therefore, a new metho- 
dology has been developed which allows the independent assessment of 
the daily and the diurnal flow variations and provides for establishment 
of the equalization basin volume requirement on a sounder basis. 

Daily flow records of eleven Ontario wastewater treatment 
plants were evaluated. Complete flow records for at least a two-year 
period were included for the statistical analysis. With the aid of a 
computer program, the cumulative frequency of daily mean flow was estab- 
lished. A typical frequency plot for a small wastewater treatment plant 
is shown on Figure 3a. From the plot, the maximum, the 10 percent, and 
the 25 percent exceedence flows can be readily established. The excee- 
dence flow represents a particular flowrate that is exceeded at a given 
percent of time. A plot of the flow analysis of a large plant is shown 
on Figure 3b. Although the shape of the cumulative frequency curves can 
be dissimilar, the exceedence flow levels are obtained with ease. 

The maximum, the 10 percent, and the 25 percent exceedence flow- 
rates are plotted against the annual mean daily flowrate on Figure k. 
The general equation for the best fit for the data points is the following 
power function: 
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THE DEPENDENCE OF THE 
MAXIMUM, 10% AND 25% 
EXCEEDENCE FLOWS ON THE 
ANNUAL MEAN DAILY FLOW 
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Qe = bQa 

Q,a = annual mean daily flowrate 

b,n = characteristic parameters 

The parameter values were obtained by regression analysis. 
Generally, the "n" is near unity. in this case the parameter "b" is 
numerically equal to the Daily Peaking Factor, F, at a particular 
exceedence level. The Daily Peaking Factor is, by definition, the ratio 
of the exceedence flow to the Annual Mean Daily Flow: 

"^ = Qa -III 

The data points, particularly the maximum flowrates, are 
considerably dispersed. This reflects the particular characteristics of 
the individual sewer systems. Three of the municipalities investigated 
have combined sanitary and storm sewers. It is apparent that the combined 
sewer system yields consistently higher Peaking Factors during wet weather. 
The correlation improves somewhat for the 10 percent and the 25 percent 
exceedence flowrates. Nevertheless, from the data analysis it can be 
concluded that the Daily Peaking Factors are independent of the Annual 
Mean Daily Flowrate. 

The diurnal flow characteristics were evaluated from the 
daily flow charts of five wastewater treatment plants. Charts were 
selected for days on which the flow corresponded to the maximum day, 
10 and 25 percent daily exceedence levels. These gave a wide distribu- 
tion of flow conditions for each system. On Figure 5 a representative 
plot of instantaneous flowrate against time is shown. Diurnal flow var- 
iation results in a time period, (AT) when the instantaneous flowrate 
exceeds the daily mean. On this diagram the average flow of the peaking 
period together with mean Daily Flowrate are also shown. Each chart was 
analyzed to determine the average flowrate for several peak intervals 
by integrating the instantaneous flowrate. The Diurnal Peaking Factors 
(Fd) were obtained by normalizing the Peak Flowrates with respect to the 
Mean Dai ly Flow. 
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The selected peak periods were 1-hour, 4-hour, 6-hour and 12-hour. 
The Daily Peaking Factors (F) , together with the Diurnal Peaking Factors 
(Fd), are tabulated in Table 1. Generally, the Diurnal Peaking Factors 
decrease with increasing daily mean flow. Thus, maximum diurnal flow 
variation tends to occur when the infiltration and storm water components 
of the sewage are at minimum value. As expected, the Diurnal Peaking 
Factors decrease with increasing peaking periods. Although short-term 
peaking factors have no significance in the determination of the Equaliza- 
tion basin volume, they are essentia) for establishing the pumping and the 
flow control requirement to and from the basin. The Daily and the 12-hour 
Peaking Factors serve as key parameters for the realistic design of the 
equalization basin. 

The development of the methodology is as follows. if the flow 
were to be equalized to maintain a mean daily flow (q) , then the volume (V) 
of raw sewage requiring storage Is the time integral of the difference 
between the instantaneous flowrate (Ci) and the mean daily flowrate (Q) 
over the peaking period (AT). 

V = /^^ (Q - Q) dt = f^jQfit - (Q) (AT) (3) 

This volume corresponds to the shaded area in Figure 5- 
The evaluation of Equation 3 requires prior knowledge of the 
peaking period. An examination of flow records reveals that the peaking 
period equals 0.5 ± 0.13 days In most cases. In terms of an average peaking 
period of 0.5 day (I.e. AT 0.5 days) and the corresponding diurnal peaking 
factor, Equation 3 reduces to 

V = 0.5 (Fd - 1) Q (4) 

The mean daily flowrate (Q) is related to the annual mean flow (Qa) by 
the following equality: 

Q = F X Qa (5) 

The combination of Equation 4 and Equation 5 yields an expression for the 
desired equalization volume as a function of the Annual Mean Daily Flow 
(Qa), the Daily Peaking Factor (f) , and the 12-hour Diurnal Peaking 
Factor (Fd) as fol lows: 

V = 0.5 (F) (Fd - 1) Qa (6) 
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The estimated equalization basin volumes are given in Table 
2. Full equalization is based on maximum daily flow conditions. It 
requires a storage volume of 11 percent of the annual mean daily flow. 
This represents an average value, since the parameters were derived from 
composite data of several plants. Some variations due to specific local 
sewage management are expected to exist. Nevertheless, it compares favou- 
rably with previous estimates of 12.5 percent (l) and 12 percent (7) 
derived by other methods. 

The methodology developed also allows direct estimation of 
basin volumes required for partial equalization. In this case, the 
parameter values are based on the flow pattern at a particular exceedence 
level. For example, if 90 percent of the daily flow throughout the year 
were to be equalized, then the equalization basin would be designed on 
the basis of data for 10 percent exceedence flow. The interpretation 
of 90 percent equalization is of course, that full equalization can be 
achieved 90 percent of the time. 

The equalization volumes given in Table 2 denote minimal volumes 
for typical sewage treatment plants. To account for plant to plant and 
annual variability, the incorporation of a safety factor is desirable. 
Using a safety factor of 1.25, the empirical design volumes become ]k 
percent, 13 percent and 11 percent of the mean annual daily flow for full, 
90 percent and 75 percent equalization, respectively. 

The expected utilization of the equalization basins's capacity 
under various mean daily flow conditions is illustrated on Figure 6. 
The plot corresponds to full equalization. The basin is filled to full 
capacity only under maximum flow conditions. During annual mean flow 
conditions 72 percent of the capacity is utilized. A Daily Peaking 
Factor of 0.5 corresponds to minimum daily flow. In this case, approxi- 
mately 36 percent of the basins's capacity is utilized for eliminating 
the diurnal fluctuation. 

COST BENEFITS 

A comparison of the cost of treatment facilities with and 
without equalization was developed. Equalization b^sin costs depend on 
the size, as well as the methods and materials of construction. New 
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basins may be built of earth, concrete, or steel. Normally earthen basins 
are the least expensive, but may be subject to erosion if proper pre- 
cautions are not taken in the design. Concrete basins require considerably 
less land area; therefore, they are preferred when the available space is 
1 imi ted. 

Successful performance requires adequate aeration and mixing. 
Previous studies have recommended both agitation and aeration of proposed 
equalization basins to prevent solids settling and odour formation (6, 8, 
9, and lO). For this paper diffused aeration has been assumed to provide 
both mixing and odour control and was based on normal aeration require- 
ments of 1.25 to 2.0 cfm (cubic feet per minute) per 1,000 gallons of 
equalization tank volume. Properly designed equalization basin facilities 
also include provisions for sewage pumping, automatic flow measurement, 
and flow regulation. 

The estimated cost of a concrete basin, including diffused 
aeration, is presented on Figure 7- The costs were derived from the 
U.S. Environmental Protection Agency's cost estimate for wastewater treat- 
ment facilities, dated January 1971- The cost figures were updated using 
the ENR Construction Cost Index for Toronto, Ontario, to July 197^. 

Equalization of the diurnal fluctuations in sewage flows is 
believed to have two effects. It improves the performance of a 1 1 processes 
that are sensitive to changes in hydraulic loadings and it decreases the 
size of all treatment stages designed on the basis of peak loadings. 
To illustrate the relative costs associated with plants designed to treat 
equalized and variable flow with no flow bypassing in each case, the 
following alternatives are considered: 

1 . Variable Flow 

2. Fully Equalized Flow 

3. Partly Equalized Flow 

The relative cost of wastewater treatment facilities with and 
without equalization for plants of 5 and 50 MGD mean annual daily flow 
are shown in Table 3- The cost evaluation for the equalized wastewater 
treatment plants was based on predicted peak hydraulic loads. 
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From the tabulated data, it is apparent that the introduction 
of equalization results in small reductions in construction costs. A 
5 percent cost benefit may be achieved by full equalization in the 5 
MGD and the 50 MGD plants. The major cost savings are due to a reduction 
in the size of primary and secondary sedimentation tanks. Partial equali- 
zation does not appear to be attractive economically. The saving in 
size reduction is negated by the incremental cost of the equalization 
basi n. 

CONCLUSIONS 



To establish meaningful criteria for designing equalization 
facilities, extensive analysis of daily and diurnal variations of flow 
In Ontario sewage treatment plants was carried out. The flow variations 
were expressed in terms of daily and diurnal peaking factors. 

Significant conclusions of the flow variation analysis were: 

- The peaking factors are independent of plant size. 

- Variation in peaking factors reflect differences In plant 
operation. The most important contribution to variability 
is the combination of raw sewage with storm runoff. 

Utilizing the daily and the diurnal peaking factors, a metho- 
dology was developed for sizing of equalization basins. The volume 
of the basin was estimated to be 11 percent to H percent of the annual 
mean flow. The volume size insures continuous operation without set-backs 
due to overflow. 

A cost comparison for two plant sizes (5 MGD and 50 MGD) in- 
dicated that design for flow equalization condltons may result in a 
small construction cost reduction over variable flow design. 

The assessment of flow equalization practices yielded incon- 
clusive evidence concerning effluent water quality improvement. On the 
basis of limited data, process improvements due to equalization may be 
realized In the performance of primary and secondary wastewater treatment 
plants. However, further research is warranted to evaluate the effect of 
flow equalization on the performance of these units. 
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CONCEPTS 

ft will be useful to recall a few points important to the 
clarification of degritted sewage in primary settling tanks. 

- the concentration of suspended solids is sufficiently 
low, so that unhindered settling of particles occurs; 

- solids suspended in sewage do not settle by simple 
gravity separation; flocculation plays an important 
part, whether chemicals are added or not; 

- the settling characteristics of the suspension and 
the hydraulic efficiency of the clarifier must be 
considered in a performance evaluation of the tank; 

- the main parameters for measuring the performance of a 
clarifier are suspended solids and BOD (or organic 
suspended solids) removal; and, 

~ overflow rate and detention time are the parameters 
used In the design of primary clarifiers. 

The performance of primary clarifiers can be improved In a 
number of ways, which can be used singly or in combination. They 
incl ude: 

- provison of equalization tanks to achieve more uniform 
hydraul ic loading ; 

- special arrangements (inlet and outlet devices, baffles, 
etc.) to increase the hydraulic efficiency of the tank; 

- use of more efficient settling devices, such as tube settlers, 
tray separators, etc.; and, 
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- use of chemicals to increase flocculatlon and thiereby 
separation. 

This paper deals with the last mentioned method. The recent 
requirement for phosphorus removal from sewage has resulted in the wide- 
spread use of chemical precipitation in sewage treatment. Increased 
solids and BOD reductions have been reported concurrent with phosphorus 
reduction (Weston, 1971). This paper reports the effects of chemical 
addition on clarification at two primary treatment plants (Sarnia and 
Windsor) practising phosphorus removal. Also presented are some of the 
results of a pilot study at the Canada Centre for Inland Waters, Burlington, 
The research was carried out over a period of two and a half years. 
Complete results have been previously reported by Heinke (1973) and Heinke, 
Qazi and Tay (1975). 

CURRENT DESIGN GUIDELINES 



The guidelines of a few agencies on the design of primary clari 
fiers, with and without the use of chemicals, are presented. 

ASCE and WPCF "Sewage Treatment Plant Design" (1959): 

Page 93: "Primary Tanks - Surface settling rates not followed by 
secondary treatment shall not exceed 500 USgpd per sq. 
ft. for plants having a design flow of 1.0 mgd or less. 
Higher rates may be permitted for larger plants." 

page 92: "Practical liquid depth of 7 to 12 ft. combined with area 
provide the nominal detentions of 1 to 2 hrs. for primary 
tanks." 

page 111: "When chemicals are used, the primary tanks generally have 
a minimum detention period of 2 hrs. and a settling rate of 
no more than 1000 USgal per sq. ft. of area per day based 
on average flow." 
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Ontario Ministry of Environment (unpublished, currently under review) 
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European Practice (Kalbskopf, 1970); 

Detention Time 

Overflow rate: 

horizontal flow tanks 
vertical flow tanks 

Mean flow velocity 



0.5 to 2.5 hrs. 

0.5-1.5 m/h (Z^tO-yZO Igal/ftVday) 
2.5 m/h (1200 Igal/ft^/day) 
0.8-1 . 5 cm/ sec. 



No information is available for the case of chemical addition, 
but recognition of the favourable effect of flocculation on settling Is 
noted. 

A primary clarifier treating domestic sewage without chemical 
addition is generally able to achieve 30 to 60^ suspended solids removal 
Weston (1971) concluded from several plant studies In which polymers 
were used that the average value of suspended solids removal increased 
from 38^ with no polymer to 65^ with polymer use. Lime addition at 
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three plants produced solids removals from 75 to $0%. Voshel and Sak 
(1968) reported the successful use of organic polymers to increase 
suspended solids removal, as shown in Figure 1. Several other studies 
have obtained similar results. 

There has been no attempt in this study to obtain a wide cross- 
section of current design guidelines on the effect of chemical addition. 
The limited sample indicates that present guidelines generally do not 
recognize increased sett leabi 1 i ty of chemical floes by allowing higher 
overflow rates or lower detention times. However, guidelines are under 
review and may be changed in the near future, when studies, such as this 
one, provide information on which to make informed decisions. 

LABORATORY AND PLANT STUDIES 



The performance of a settling tank depends on two things: 
the settling characteristics of the suspension, and the hydraulic effi- 
ciency of the tank. Settling column tests can be used to study the 
settling characteristics of a suspension in the laboratory. Tracer 
studies and velocity (and suspended solids concentration) measurements 
in the tank are useful to assess the hydraulic efficiency of the tank. 
The performance of the settling tank may be predicted by the combination 
of information obtained in the laboratory and in the plant. 

A number of plants were investigated for possible inclusion 
in the study. The prime requirement was that chemical addition at the 
primary stage had to be practised over the length of the study (1972- 
1975). Only the Sarnia and Windsor S.T.P, met this condition. Pilot 
plant work at CCIW, Burlington was added later. 

Laboratory studies 

139 settling column tests (in addition to 50 tests on 
Toronto sewage), were preformed at Sarnia, Windsor and Burlington under 
the following chemical conditions: 

No chemical addition (50 tests) 

Ferric chloride addition (20 tests) 

Alum addition (12 tests) 

Ferric chloride plus polymer Ctl tests) 
(Dow Purifloc A23) addition 

Alum plus polymer addition (I6 tests) 
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Figure 2. EFFECT OF OVERFLOW RATE ON CLARIFICATION EFFICIENCY 
TYPICAL RESULTS FOR DOMESTIC SEWAGE 
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Fifty-nine tests were performed at Sarnia, 70 at Windsor and 10 at 
Burlington. Analysis showed that the settling behaviour of floes at 
all three plants for the same chemicals was quite similar. Further- 
more the performance of alum and ferric chloride floes was about the 
same. Consequently, the results of all tests have been summarized 
under the following three categories: 

- Settling characteristics of floes - no chemical addition 

- Settling characteristics of floes - alum or ferric 
chloride addition 

- Settling characteristics of floes - alum or ferric 
chloride and polymer additions 

The settling characteristics of physical -chemical floes 
were examined in relation to the following parameters. It is realized 
that there are interdependencies : 

(a) Overflow rate 

(b) Mixing 

(c) Detention time 

(d) Settl ing depth 

(a) Effect of Overflow rate 

Figure 2 shows the effect of overflow rate on clarification 

efficiency for domestic sewage (as % 5S remaining), with and without 

chemical addition, after 60 minutes of settling under quiescent 

conditions. It shows that, for a given detention (settling) time 

(60 minutes In the case shown), overflow rate has a small effect on 

clarification of flocculent suspensions. From settling column tests, 

it is estimated that if the overflow rate increases from 500 to 2000 

■J 2 
gpd/sq ft (or 25 to 100 m /m /day) the suspended solids in the effluent 

will increase by about 10^ with no chemical addition, 3% with ferric 

chloride or alum addition, and S% with ferric chloride or alum and 

polymer additions. Percentages stated refer to influent suspended 

solids concentration. 
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(b) Effect of Mixing 

in Sarnia and Windsor, chemicals were added at a location 
where reasonable mixing conditions existed (in a pre-aeration tank 
at Sarnia, and a grit removal tank or at a raw sewage pump at Windsor) 
but which provided only a few minutes of mixing/f locculation time, 
particularly after the polymer was added and before the suspension 
was discharged into the settling tank. The samples for the settling 
column tests were taken just before the inlet to the tank and poured 
into the settling column initially without any further mixing. 

The settling performance predicted by the settling column 

compared very closely with that of the settling tank at low overflow 

3 2 
rates (about 500 gpd/sq ft or 25 m /m /day) , when a scale-up factor 

of 2 was applied to detention time as commonly practised. At higher 

overflow rates, however, the settling tank produced much better 

effluent quality than predicted by the settling column. This lack of 

comparison at higher overflow rates finally led us to believe that the 

suspensions taken for settling tests were not fully flocculated, 

that further mixing/flocculating was occurring in the tank and that 

the floes would grow when subjected to further mixing before the 

settling column test. Therefore, a series of tests was conducted 

in which suspensions with chemical addition were slowly mixed for 20 

minutes by a propeller-type mixer before settling in the column. 

This series of tests showed significant improvement in settling rate 

due to additional mixing (see Figure 3 curves A and B) , These tests 

were carried out in Windsor only, but probably the general findings 

are applicable to Sarnia as well. 

Figure 3 (curves A and B) shows that the settling rate of 

mechanically flocculated suspensions was much faster that that of the 

unstirred suspensions. It should be noted that this difference diminishes 

with increase in detention time. The extent of improvement in settlea- 

bility will depend heavily on the degree of flocculating potential 

existing in the suspension. If the floes are already fully developed, 

slow mixing may not have any beneficial effect and curves A and B 

in Figure 3 will tend to coincide. On the other hand, if the suspension 



107 



100 . 



o 

z 

z 
< 

UJ 

Q: 

in 

^ 40 . 



SO , 



SO . 



NO CHEMICAL ADDED 

CURVE A - Settling Under Quiescent Conditions, With No Additional Mixing 
S- CURVE - Settling Perforinonce Corve, Developed For Flow Conditions 



S- 



CURVE 



20 , 



O 
z 

z 

< 
7. 
UJ 
en 

tn 




FERRIC CHLORIDE COR ALUM) ADDED 

CURVE A - Settling Under Quiescent Conditions, With No Additional Mixing 
CURVE 8 - Settling Und«r Quiescent Conditions, With Additional Mixing 

S- CURVE — Settling Performance Curve, Developed For Flow Conditions 



O 

z 

z 
< 

ill 




FERRIC CHLORIDE (OR ALUM) AND POLYMER ADDED 

CURVE A — Settling Under Quiescent Conditions, With No Additiono! Mixing 
CURVE B- Settling Under Quiescent Conditions, With Additionol Mixing 

S- CURVE — Settling Performonce Curve, Developed For Flow Conditions 



1 1 1 1 — 

30 40 50 60 

DETENTION TIME IN MINUTES 



—I — 
70 



80 
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was mixed prior to tine settling tank for a short time only, tiien sli 
mixing will be beneficial to floe formation and subsequent faster 
settling. Further work in this area is planned. 

(c) Effect of Detention Time 

Figure 3 also shows the effect of detention time, with partial 
flocculation (curve A) and with complete flocculation (curve B) . The 
curves are fairly steep in the initial range of detention time, and 
become progressively flatter with passage of time. When floes were 
fully developed, most of the settling occurred in about ^5 minutes 
without chemical addition and in about 20 minutes with chemical addition 
(curve B) . When floes were not fully developed (curve A) clarification 
required a little longer, {k5 minutes for ferric chloride or alum only> 
and about 30 minutes in combination with polymer). 

If detention time is increased beyond what is described 
above, only a small improvement in effluent quality will be achieved, 
as evident from the flat curve. On the other hand, tf the detention 
time is reduced much below the stated times, drastic deterioration of 
effluent quality will result. It is, therefore, very important that, 
for effective performance of settling tanks, all of the wastewater 
flow should be receiving the appropriate minimum detention times indicated, 
Discussion on the performance curves (S-curves) shown is delayed until 
later. 

(d) Effect of Settling Depth 

Figure 't shows the effect of settling time on clarification 
efficiency, with and without chemical addition, with settling depth 
as a parameter. The curves represent the average over the depth shown. 
For a given detention time, clarification deteriorates only slightly 
as settling depth increases. The effect of depth further diminishes 
with an increase in detention time, particularly with chemical addition. 
With ferric chloride or alum and polymer additions, depth of settling 
ceases to have any significant effect on settling efficiency after 
about 30 minutes of detention time. This may mean that only small 
improvement in clarification efficiency can be expected from the use 
of trays or tubes, when chemicals are used. 
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In summary, laboratory studies of settling tests on domestic 
sewage, with and without chemical addition, have shown that the most 
important parameter for efficient settling is effective detention time. 
The influence of either overflow rate or settling depth alone is 
minor. Chemical addition greatly increases clarification. Comparison 
of results on effluent quality predicted from laboratory settling 
tests, applying accepted scale-up factors, and actual plant performance 
is good. Mixing of suspensions prior to settling is beneficial to 
faster settl ing. 

Plant Studies 



Information on physical features, flow rate and influent 
and effluent quality (with and without chemical treatment) for the Sarnia, 
Windsor and Burlington plants are given in Figures 5, 6, and 7. The 
Sarnia (rectangular tanks) and Windsor (circular tanks) clarifiers are 
typical of horizontal flow clarifiers, whereas the Burlington pilot plant 
is typical of a vertical flow clarifier. The detailed analysis and 
discussion of the performance of the three plants has been presented by 
Heinke (1973) and Heinke, Qazi and Tay (1975). Summary results on suspended 
solids for Sarnia and Windsor are shown in Figures 8 and 9. The conclu- 
sion can be drawn that: 

- The Sarnia S.T.P. was an efficient primary treatment 
plant. Effluent quality was further substantially improved 
by the addition of chemical treatment. 

- The Windsor S.T.P. did not produce a good primary effluent. 
However, substantial improvement in effluent quality was 
achieved through chemical addition. 

- The Burlington pilot plant received a much stronger sewage 
than the Sarnia or Windsor plant. On a percentage removal 
basis the plant's performance was somewhere between that 
of Sarnia and Windsor. Chemical treatment produced a 
great improvement in effluent quality. 



ill 



135 ft. (41 M) 



PHYSICAL FEATiJRF<; 



No. of Settling Tanks 

Length 
Width 
Depth 
Volume 
Weir Length 
Weir Loading 
Outlet Trough 

Length 

Width 
Det. Time 



ft 



13S ft 
30 ft 
9 ft 
36,500 cu 
162 ft 
12,300 qpd/ft 
3 
22.5 ft 
2 ft 
2-3/4 hr 



40.5m 

9.0m 

2.7ni 

1035m3 

49.5ni 

l85mV(n/day 

6.8in 
O.fiR 



IHFLUENT (1971 and 19721 



J 

3 



]| 



sampling 
points 



PLAN 



scraper 



15 



30 ]0 



/" 



sampling points 



scraper- 



LONGITUDINAL SECTION 

EFFLUENT (1971 and 1972) 



Parameters 


Average 


Range | 


Max. 


Hin. 




Flow Rate. »GD 


6.35 


12.00 


5.25 




mVday 


2.83 X lO** 


5.45 X 10"^ 


2.38 X 


10" 


Overflow Rate, gpd/ft^ 


390 


2090 


326 




m^/m^/day 


19 


102 


Tf 




Suspended Solids, ng/l 


102 


608 


S 




BOD, mg/l 


88 


182 


52 




Total P, mg/l 


5.7 


22.6 


2.2 





«f - — — 



•c 



weirs 



\ 



•\ 



\ 



\ 



\ 



Chemical 
Addition 


SS ma/1 


BOD mo/l 


Total P ma/1 


Avg. 


Max. 


Min. 


Avg. 


Max. 


Min. 


Avg. Max. Min. 


None 

Ferric Chloride 

Ferric Chloride 
plus A-23 

Alum 

Alum plus A-23 


38 
23 

12 

37 
30 


102 
74 

54 

49 
73 


4 

9 

4 

20 
19 


63 
34 
31 

40 
37 


152 

80 
59 

61 
55 


33 
17 
25 

27 
27 


5.2 8.0 1.0 
0.9 5.3 0.2 
O.B 2.9 0.1 

1.5 3.3 0.4 
1.4 2.9 0.2 



Chemical Dosages 



Ferric chloride 10-20 ma/1. Alum 80-100 mq/1 
Polymer 0.3-0.5 mg/l 



Figure 5. SARNIA TREATMENT PLANT 
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PHYSICAL FEATURES 



No. of Settling Tanks 


4 




Surface Diameter 


120 ft 


36m 


Surface Area 


11,300 ft 2 


1020m2 


Side Wall Depth 


n ft 


3.3m 


Volume 


121.800 ft 3 


345an3 


We1r Length 


357 ft 


107. Im 


We1r Loading 


16,800 gpd/ft 


250mVni/day 


Oet. Time 


3.1 hr 






SLUDGE 
PUMPHOUSE 



PRIMARY 
SETTLING TANKS 



INFLUENT (1971 and 1972J 



Parameters 


Average 


Range ! 


Max. 


tlin. 


Flow Rate, HGD 


16.0 


72.5 


5.2 


mVday 


7.25 X 10" 


33.0 X 10" 


2.4 X 10" 


Overflow Rate, gpd/ft. ^ 


350 


1600 


115 


mVm^/day 


18 


80 


6 


Suspended Solids, ing/l 


102 


1054 


26 


BOD, mg/l 


101 


346 


27 


Total P mg/l 


5.1 


9.5 


2.0 



EFFLUENT (1971 and 1972) 



Chemical 
Addition 




SS mq/1 




BOD mq/1 


Total P mg/l 


Avg 


Max. 


Min. 


Avg. Max. 


Min. 


Avg. 


Max. Min. 


None 


61 


309 


22 


76 297 


21 


4.8 


9.3 1.9 


Alum Only 
(5-23 May/72) 


42 


129 


8 


36 90 


12 


1.9 


5.9 0.3 


Alum plus Polymer 
(24 May - 16 July/72) 


30 


60 


6 


36 77 


14 


1.1 


2.6 0.3 


Ferric Chloride plus polymer 
(22 Cec/74 - 11 Jan/75) 


36 


73 


21 


50 120 


21 


0.7 


1.6 0.4 



Chemical Dosages: Alum 80-108 mg/l. Ferric Chloride 17 mg/l, polymer 0.3-0.4 mg/l 



Figure 6. WINDSOR TREATMENT PLANT 
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PHYSICAL FEATURES 



No. of Settling 


Tanks 


1 




Diameter 




8 ft 


2.6m 


Surface Area 




50 ft 2 


5.4m2 


Ave. Depth 




7 ft 


iAm 


Vol ume 




2192 gal 


10. Om^ 


Weir Length 




22 ft 


6.7b 



J 








L 




• • 




• • 






* • 


- 2-5 FT. 


« • 




0.75M 




« • 




ft 




• \ 




/• 




, ^ &«WPLING POINTS^, , 






• • > • 





ELEVATION 




as FT 

015 ^4 



PLAN 



INFLUENT 



Parameters 


Average 




Range 




Max. 




Min. 


Overflow Rate gpd/ft.^ 


600 


600 




600 


rnVm^/day 


30 


30 




30 


Suspended Solids, mg/l 


220 


480 




118 


BOD, m^/l 


134 


274 




46 


Total P, mq/^ 


6.2 


8.7 




4.0 



EFFLUENT 



Chemical 
Addition 


SS ma/1 


BOD mg/1 


Total P 




Ave. 


Max. 


Min. 


Avg 


Max. 


Min. 


Avg. Max. 


Min. 


None 


104 


134 


84 


93 


114 


78 


4.4 4.9 


3.3 


Ferric Chloride 


55 


72 


26 


49 


56 


41 


1.2 1.7 


0.4 


Ferric Chloride 
plus Polymer 


31 


52 


14 


32 


38 


24 


1.2 1.7 


1.0 



Chemical Dosages: Ferric Choride 18 mg/1. Polymer 0.3 mg/1 



Figure 7. CI WW PILOT PLANT, BURLINGTON 
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Tracer Studies . Tracer studies were used to determine actual 
detention times of the settling tanks under study. The pulse teciinique 
was used. A known quantity of Rhodamine 6 was dumped at the clarifier 
inlet and dye concentrations were recorded continuously at the effluent 
weir by a Turner fluorometer. Initial experiments were carried out to 
establish that the results obtained in later work were representative 
of the overall plant. 

About 100 dye tests were carried out. Summary results are 
presented in Table 1. Typical C-curves are shown in Figure 10. Defini- 
tion of symbols is as follows: 

;fe. - time interval for initial indication of the tracer 

in the effluent, in minutes 

t - time to reach peak or maximum concentration, in 
P 

minutes 

t - time to reach centroid of the curve (actual mean 

g 

detention time), in minutes 

T - theoretical detention time, in minutes 

m - hydraulic efficiency, t /t 

c,c - dye concentration at time t and t 
' o ' o 

Discussion on Actual Detention Time . As defined above, 

actual mean detention time of flow is determined by the value of t 

9 
(centroid of C-curve) , For an ideal settling tank (which by definition 

has no "dead" zones), the value of t /T will be unity. For an actual 

y 
tank, it will be less than unity because of the presence of "dead" zones 

and, therefore, reduced effective volume of settling tank. 

The results in Table 1 show that the rectangular tank at 

Sarnia is much closer to ideal (average t /T = 0.73) than the circular 

g 

tank in Windsor (average t /T = O.36). This means that in the rectan- 
gular tank, about 3/^ of the total volume is effective, whereas in the 
circular tank only 1/3 of the volume is effective. The results further 
show that the t /T ratio increases, although to a small extent, with 
increase in overflow rate. For the pilot circular tank at Burlington, 

however, the value of t /T varied greatly (O.38 to 0.73) as the overflow 

9 3 2 

rate increased from 600 to 2000 gpd/sq ft (from 30 to 100 m-^/m /day). 
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TABLE 1 



Hydraulic Efficiency Parameters 



A. AT SARNIA 



Overflow Rate 


Parameters in Minutes 


c . yi 


t./T 


gpd/ sq.ft. 


m^/m^/day 


s- 


'p 


t 

g 


T 


500 
1000 
1500 
2000 


25 

50 

75 

100 


38* 
24 
19 
16 


60* 
39 
31 
25 


105* 
62 
41 
29 


160* 
80 
53 
40 


0.66 
0.78 
0.77 
0.73 


0.24 
0.30 
0.36 
0.40 



B. AT WINDSOR 



Overfl 


ow Rate 


Parameters 


in Minutes 


c = tg/T 


t./T 


gpd/sq.ft. 


m^/m^/day 


h 


*P 


'9 


T 


500 


25 


20 


46 


60 


200 


0.30 


0.10 


1000 


50 


10 


25 


33 


100 


0.33 


0.10 


1500 


75 


7 


18 


27 


67 


0.40 


0.10 


2000 


100 


5* 


15* 


21* 


50* 


0.42 


0.10 



C. AT BURLINGTON 



Overflow Rate 


Parameters in Minutes 


c - tg/T 


t./T 


gpd/sq.ft. 


mVm^/day 


'i 


'p 


S 


T 


600 
1000 
1500 
2000 


30 
50 

75 

100 


8 
5 

5 


28 
25 

16 


42 
36 

24 


110 

66 

33 


0.38 
0.55 

0.73 


0.07 
0.08 

0.15 



* Obtained by extrapolation 
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FIGURE 10: TYPICAL C- CURVES 



Similarly, the comparison of other parameters between Sarnia 

and Windsor plants shows that the dye front (t.) and peak (t ) appear 

' P 

much earlier at Windsor than Sarnia (see Figure 10 and Table 1). 

The value of t./T, for example, is higher {0.2h - 0.40) for the Sarnia tank 

than Windsor (O.l), whereas the Burlington tank falls in between (0.07 - 

0.15), in the range of overflow rates of 500 - 2000 gpd/sq ft (25 - 100 trr/ 

2 
m /day) used in the study. 

Discussion of Flow Pattern in Circular Tank . The analysis 
of C-curves indicates the presence of acute short-circuiting and dead 
zones in the circular tank in Windsor. To investigate this further, 
the pattern of flow was studied by tracing the dye concentrations at 
various depths and locations in the tank. The relative concentration and 
amount of dye picked up (over a sufficiently long period of time) from 
various depths at a given location was assumed to be indicative of 
the relative intensity and amount of flow passing through various 
depths at that location. The results of these tests showed that in 
the circular tanks in Windsor the flow generally occurred through the 
top half of the tank leaving the bottom half ineffective (see Figure 10, 
top right). In some cases the flow pattern was reversed and flow went 
to the bottom and flowed along the bottom of the tank leaving the top 
half ineffective. 

In Sarnia no such tests were performed but it can be assumed 
that the flow in the rectangular tank in Sarnia was stable and uniform 
with few dead regions, as indicated by various hydraulic parameters. 

In summary, it can be stated that the rectangular tanks in 
Sarnia are closer to an ideal settling basin and much superior in perfor- 
mance to the circular tanks in Windsor. The circular tanks in Windsor 
suffer drastically from the presence of dead zones. 

Velocity and Suspended Solids Profiles . These tests were 
conducted to gain a better understanding of the sedimentation process 
in actual tanks under continuous flow conditions. The main objectives 
were to study:' 

- distribution of velocity, flow paths and dead zones; 

- distribution of suspended solids; 
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- effect of overflow rate on velocity and suspended solids 
distribution; and, 

- effect of chemical addition on settling rates in settling 
tanks. 

Velocity and suspended solids concentration measurements 
were taken at various locations and depths as shown in Figures 5, 6 
and 7. in Sarnia and Windsor velocity was measured by a non-di rect ional 
Low Velocity Current Meter, built by Ontario Hydro. In Burlington, 
a directional meter (Electromagnetic Water Current Meter, 600 Series 
Velmeter, Model P, manufactured by Cushing Engineering Inc. U.S.A.) and 
two-axes automatic recorder (Watanabe Instrument Corporation, Tokyo, 
Japan) were used for velocity measurements. Suspended solids measurements 
were taken by Suspended Solids Monitor manufactured by Pai — Tech. 

Typical results of the study are summarized in Figures 11, 
12 and 13- It should be noted that the elevations of the tanks shown are 
not in their true proportions and therefore the profiles for Sarnia 
and Windsor look steeper (and for Burlington flatter) than they really are. 

Discussion on Velocity Profiles . It is difficult to illustrate 
flow patterns from nond i rect ional velocities (Sarnia and Windsor). The 
magnitudes of the velocities shown are the result of velocity components 
In three principal directions. The major velocity component was in the 
plane shown. With this caution the velocity profiles shown in Figures 
11, 12 and 13 indicate that: 

(i) In Sarnia, velocities were highest at about the mid- 
depth of the tank and most of the flow passed through 
the sections between 'j to 7 ft (1.2 to 2.1 m) from the 
surface of the water, 
(ii) It is difficult to determine the flow pattern from the 
velocity profiles measured at Windsor. In part this 
may be caused by unsymmetrlcal results, caused by weir 
elevation differences. Some of the ineffective areas 
of the tank show surprisingly high velocities. Tracer 
studies indicate a "closed loop" water movement in 
these "stagnant" areas. 
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Figure 11. VELOCITY AND SUSPENDED SOLIDS PROFILES AT SARNIA 
Overflow Rate: 1200 gpd/sq ft (60 m3/m2/day) 
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Figure 12. VELOCITY AND SUSPENDED SOLIDS PROFILES AT WINDSOR 
Overflow Rate: 1000 gpd/sq ft (50 m3/m2/day) 
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Figure 13. VELOCITY AND SUSPENDED SOLIDS PROFILES AT BURLINGTON 
Overflow Rate: 1000 gpd/sq ft (50 m'/m^/day) 
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(iii) For comparison purposes resultant velocities are shown for 
Burlington. All three velocity components (horizontal, 
vertical and tangential) were in general of about the same 
magni tude. 

Discussion on Suspended Solids Profiles . The suspended solid 
profiles in Figures 11, 12 and 13 show that: 

(i) The addition of chemical shifted the profiles towards 
the inlet. In other words, when chemicals were added, 
the settling rate increased and clarification was accom- 
plished within a shorter length of the tank and therefore 
within a shorter detention time. Best results were 
achieved when both ferric chloride and polymer were 
added. 
(ii) The addition of chemicals affected the shape and slope 
of profiles, particularly in the circular tanlcs In 
Windsor and Burlington. With chemical addition, the 
profile tended to become horizontal, 
(ill) The results also show (not shown in figures) that as 

flow rate Increased (up to 2000 gpd/sq ft or 100 

3 2 
n /m /day as overflow rate), suspended solids profiles 

shifted towards the outlet as follows: 

- significantly when no chemical was added; 

- to a small extent when ferric chloride was added; and, 

- insignificantly when ferric chloride and polymer were 
added. 

DEVELOPMENT OF SETTLING MODEL 



A number of mathematical and/or empirical models have been 
developed which are based on the "Theory of settling of discrete 
particles" and/or laboratory scale experimental results. A few 
researchers have introduced parameters to evaluate the hydraulic 
efficiency of settling tanks and their effect (in relative terms) on 
sedimentation. Fielder and Fitch (1959) used dye-tests results as 
a measure of "detention efficiency" and developed a mathematical relation- 
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ship to express sedimentation of flocculating suspensions. Villemonte 
et a1 (1967) developed a criterion called "critical settling depth" 
by matching the settling rate of suspensions at various depths and the 
removal performance of laboratory model of settling tank using aluminum 
hydroxide floes. Clements (1966) and Clements and Khattab (I968) 
introduced a term "time ratio" (the ratio of effective flow-through time 
to effective settling time) to assess the detention efficiency of 
settling tanl<s. The flow-through time is determined from the velocity 
cross-sections and profiles of flow in the tank, and it is different 
from the one measured by dye-test. Prive (197'') supported Clement's 
work. Voshel (1968) developed an empirical relationship among suspended 
solids removal., feed loading and overflow. In our work , an attempt is 
made to combine the information on settling characteristics of sewage 
(obtained from settling tests) with the information on hydraulic 
characteristics of a settling tank (obtained from tracer studies or 
from velocity measurements) in an empirical equation, which will 
predict the effluent suspended solids concentration. 

For efficient clarification, floes should be fully developed 
through mixing ahead of the settling zone. The settling test should 
be carried out on a suspension simulating plant conditions. This may 
or may not require additional mixing ahead of the settling column test. 
Settling performance curves (S~curves) drawn on Figure 3 are believed 
to represent plant conditions. They can be represented by a mathematical 
express ion: 

SS , = S - S = k St" Equ. 1 

removed o 

S A r o 

or S = -^ ^''"- 2 

t" + A 



where 



S = Suspended solids in influent to settling tank, mg/1 

S = Suspended solids remaining in effluent of settling 
tank, mg/1 

t = Detention time in minutes 
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N 


K 


A = 1/k 


0.6i| 


0.067 


15-0 


0.90 


0.133 


7.5 


0.93 


0.286 


3.5 



k = Flocculation constant 

A = 1/k 

n = Settling constant 

The values of constants for the suspensions under study (domestic 
wastewater) were determined by "least-square fit". 

Chemical Addition 

No Chemical 

Ferric Chloride (or Alum) 

Ferric Choride (or Alum) 
plus Polymer A23 

The work on predicting the hydraulic performance of a settling 
tank from velocity and suspended solids concentration profiles is 
incomplete at this time. Further work is now under way. It is possible 
to predict the effluent suspended solids concentration by superimposing 
the C-curve (from tracer studies) onto the S-curve (from settling 
tests) and carrying out a fractional integration. The area under the 
C-curve defines the flow and the area under the S-curve gives suspended 
solids concentration. If most of the C-curve falls over the flat 
portion of the S-curve, then the concentration of suspended solids remaining 
in effluent can be read off the S-curve at the centre of gravity of the 
C-curve, i.e., at t (actual mean detention time). 

The effluent quality, as predicted from the settling model, 
was compared with the plant effluent at Sarnia, Windsor and Burlington. 
Table 2 shows a typical comparison between the performance of the 
actual tanks and the model, using actual mean detention time (50 minutes) 
as a parameter. There is close agreement. it should be noted that, 
although the overflow rates and theoretical detention time were different 
at the three plants, the effluent quality of these plants remained 
about the same as long as the actual mean detention time was the same. 
The general validity of the model for the settling of domestic sewage 
must be verified at other plants. The procedure should be applicable 
for any suspension. 
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TABLE 2 



COMPARISON OF SETTLING MODEL AND REAL TANK PERFORMANCE 



Treatment Plant j 


, Detent 1 
Act. Mea'n 


on Time 
Theor. 


— -^ 

Overflow Rate f 


Influent to 
Settling Tank it 




gpd/ft2 


mVm^/day | 


9/ 




1 
} 




With No Chemical Addition 




Sarnia 


50 


68 


1200 60 


159 




Windsor 


50 


165 


600 


30 


154 




Burlington 


50 


143 


460 


23 


242 




■;■ 






With Ferric Chloride Addition 




Sarnia 


50 


68 


1200 


60 


179 




Windsor 


50 


165 


600 


30 


191 




Burlington 


50 


143 


460 


23 


280 




Sarnia 


50 


Wi 


th Ferric Ch 


loride and Polymer Addition 




68 


1200 


60 


167 




Windsor 


50 


165 


600 


30 


202 




Burlington 


50 


143 


460 


23 


308 





m 

10% 
10%* 



Note : For comparison purposes, the results shov/n in this table were interpolated 
to bring actual detention time to a constant figure for all three settling 
tanks. 



Efflue nt, SS 
Real Tank 



53% 
55% 
45%* 



20% 
17% 
15%* 



Remajnin 
Model 



55% 
55% 
55% 



18% 
18% 
18% 



9% 



9% 






* Extrapolated results 



PREDICTION 

The settling model is based on studies carried out at the 
treatment plants in Sarnia and Windsor and at the pilot plant in CCIW, 
Burlington, with and without the addition of chemicals to domestic 
wastewaters. It Is thought to be applicable to other plants treating 
similar wastewaters. However, further verification is required. The 
performance of primary clariflers can be predicted from the following 
relat ionship: 

g _ o Settl Ing Model 



where 



o 



Suspended solids remaining In effluent of settling 
tank, mg/1 

Suspended solids in infleunt of settling tanl<, mg/1 



t = Actual mean detention time, minutes, obtained from 

g ' 

tracer studies 

n, A = Cbnstants of wastewater characteristics developed 
from settling column tests 

The value of the constants 'n' and 'A' for domestic wastewater, 
with and without chemical addition are; 

Chemical Addi tion 

No chemical 

Ferric chloride (or alum) 

Ferric chloride (or alum) 
plus Polymer 

For other suspensions the constants must be determined from 
settl Ing tests. 
Limitations on the use of the settling model for domestic wastewater: 

- t., time Interval for initial indication of tracer in effluent, 
should not be less than 15 minutes with chemical, and 30 



h 


A 


0.64 


15.0 


0.90 


7-5 


0.93 


3.5 
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minutes without chemical additions. This time is needed 
for f locculation, development and settling of floes, 
particularly when chemical treatment Is practised. For 
t. values less than the above, calculate suspended solids 
remaining in effluent directly from S-curve and C-curve. 

- overflow rates should be less than 2000 gpd/ft (100 

3 2 
m /m /day) 

Operational constraints at the plants did not allow work at overflow 

2 12 
rates in excess of 2200 gpd/ft (iTu m /m 'day). Gray (197^) reported 

excessive carry-over of solids at the Sarnia plant at an overflow rate 

2 3 2 
of 2090 gpd/ft (lO^t m /m /day) contrary uj experience in this study. 

2 3 2 
Gray did not use polymer. At 2200 gpd/ft (110 m /m /day), removal of 

suspended solids was 3^, 72 and 87% without, with ferric chloride, and 

with ferric chloride plus polymer additions, respectively. However, an 

upper limit on overflow rate undoubtedly exists. Further work is 

required to establish these limits. 

TENTATIVE DESIGN GUIDELINES 

The following tentative guidelines are proposed for the 
design of primary clarifiers (horizontal flaw clarifiers) treating 
domestic sewage: 

Design flow rate: Maximum daily flc/v (normally 1.5 - 2.0 x average 

dai ly flow) 

Actual mean detention time (t ): 

g 

30 minutes with chemical addition (ferric chloride 

plus polymer) 

h5 minutes without chemical addition 

Minimum detention time (t.): 

(t. time interval for initial indication of tracer) 

10 minutes with chemical addition (ferric chloride 

plus polynner) 

20 minutes without chemical addition 

2 
Overflow rate: less than 2000 gpd/ft under peak flow conditions. 
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Velocity: less than 8 ft/minute (^0 mm/sec) under peak 

flow conditions. 

Removal efficiency: about 70% with ferric chloride addition 

about 85% with ferric chloride plus polymer addition 
about 'tO-SO? wi thout chemical addition 

Laboratory results and limited plant results on alum indicate 
that the above design guidelines may also be applicable for alum addition. 

It is beyond the scope of this paper to make recommendations 
regarding the geometric design of settling tanks (shape, length/width/ 
depth or diameter/depth ratios, types and positions of baffles and 
weirs, etc.). The problem remains, therefore, how to choose actual 
tank dimensions to achieve a required actual detention time. 

The use of these tentative guidelines will result In smaller 
settling tanks than would be required by current guidelines, discussed 
previously. The extent of it will depend on the hydraulic efficiency, 
e, which was previously defined as the ratio of actual mean detention 
time to theoretical detention time. The hydraulic efficiency of tanks 
studied under varying flow rates ranged from 0-30 (circular tank at 
Windsor) to 0.78 (rectangular tank at Windsor) to 0.78 (rectangular tank 
at Sarnia) . 

COST IMPLICATIONS 

Chemical treatment is coming into widespread use, primarily 
for removing phosphorus from wastewaters. This study revealed that 
such chemical addition has considerable secondary benefits. Addition 
of chemicals causes suspensions to settle faster and, consequently, 
significantly smaller settling tanks are required than with no chemical 
addition. Furthermore, with chemical addition, more reliable removal 
efficiency of suspended solids and BOD, as well as phosphorus, is 
achieved. 

If the findings of this study are found to be applicable 
generally, chemical treatment will result in considerable savings in 
capital costs which, in turn, will offset part or all of the operating 
cost of chemical addition. For existing plants, chemical addition 
will substantially increase the capacity of the settling tanks, avoid- 
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fng or delaying the need for expansion. For example, as a result of 
this study, the Sarnia treatment plant has been re-rated at about I'* 
MGD capacity (previous rating 8 MGD) , In some cases effluent quality 
may be good enough to be discharged ifito receiving waters without 
any secondary treatment. 

The beneficial effects of chemical treatment are not limited 
to primary treatment only. If a treatment plant has both primary 
and secondary systems, the BOD and SS loads to the secondary system 
will be reduced considerably because of the higher rates of BOO and 
SS reduction at the primary stage. (BOD removal increases from 20-30^ 
range to 60-70? range; SS removal from 40-50^ range to 80-90^ range.) 
Consequently, the capacity of the secondary system will also be increased. 

Chemical treatment, however, results in greater quantities 
of sludge than are produced in a conventional primary treatment plant, 
with resulting increases in the cost of handling excess sludge. 

CONCLUSIONS AND RECOMMENDATIONS 



It is concluded that: 

1. Addition of chemicals (ferric chloride or alum) increases 
settling rate of physical-chemical floes and improves 
effluent quality significantly. Addition of polymer in 
combination with ferric chloride or alum further increases 
settling rates and effluent quality,, 

2. The clarification efficiency of a settling tank treating 
flocculent suspensions depends primarily on the actual 
mean detention time of the suspension flowing through 

the tank. Overflow rate up to about 2000 gpd/ft (100 

3 2 
m /m /day) does not have a significant effect on effluent 

qualitYj particularly when chemicals are added. 

3. Settling column and tracer tests are useful tools to 
evaluate the performance of settling tanks. 

k. The costs incurred for chemical treatment of sewage for 

phosphorus reduction will be partly offset through reduced 
capital costs for the primary and secondary treatment plant. 
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In certain circumstances ciiemJcal treatment in a primary 
treatment plant may eliminate tiie need for secondary 
treatment. 

It is recommended that: 

1. Similar studies be carried out at other treatment plants 
and to include the following: 

- horizontal and upflow clarifiers; 

- the use of lime, alum and polymers; 

~ hydraulic efficiency of clarifiers; and, 

- functional design of tanks. 

2. Current design guidelines for primary clarifiers be 
reviewed based on the findings of this and future studies. 
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UPGRADING LAGOON EFFLUENTS 

bf 

K. Chisholm, Research Technician, 
Ontario Ministry of the Environment 

and 

J.W. Gerald Rupke, Operations Engineer, 
The Regional Municipality of York 

Throughout the Province of Ontario and especially in south- 
western Ontario, lagoons or stabilization ponds serve as the wastewater 
treatment facility for a large number of smaller communities. 

In many cases, in order to improve the receiving stream water 
quality, continuous flow lagoons have been converted to seasonal dis- 
charge systems, effectively reducing their treatment capacity because 
of the required l80 day detention period to facilitate twice per year 
discharge. 

The objective of this study was to determine if the effluent 
quality from a standard lagoon or stabilization pond could be significantly 
improved by the addition of post treatment units at the effluent end of 
the system, thereby eliminating the need for seasonal discharge. A 
standard lagoon was defined as a continuous discharge system having a 
detention time of approximately 120 days with an organic loading of 
20 lb BOD/acre/day. The expected effluent quality from such a system 
was 20 mg/1 BOD and SS, with 5 mg/1 ammonia and phosphorus. 

From information available within the Ontario Ministry of the 
Environment, a suitable site for such a program was determined to be 
Strathroy, Ontario, a town of 7,000 people, location in Middlesex County 
in southwestern Ontario. 

Because of the expected change In effluent quality associated 
with the change in temperature from winter to summer, the program was 
scheduled to begin in the fall and carry on for one full year. Start 
up and delivery problems delayed the project until January 1975 resulting 
in a comprehensive 9 month study with 3 months of preliminary data from 
October to December 197^. 
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SUSPENDED SOLIDS REMOVAL 

It was obvious that the major pollutional components in the 
lagoon effluent were associated with the suspended solids being discharged. 
Thus three types of suspended solids removal systems were investigated. 

1. Microfloc pilot plant 

This system incorporated flash mixing, f locculation, sedimen- 
tation and final effluent polishing by multimedia filtration. The flow 
rate was established at 10 gpm throughout the period of study. Several 
runs were made without chemical additions but during most of the runs 
the addition of alum, ferric chloride and/or polymer was practiced to 
enhance suspended solids removed by f locculation and sedimentation. 

2. Flotation 

A small pilot dissolved air flotation unit was employed in 
an attempt to float the algae to the surface and remove it by surface 
scum removal. The addition of coagulants was also attempted to improve 
the solids capture. 

3. Micros training 

A pilot microstrai ner using a 23 micron (Mark O) stainless 
steel cloth and handling flow rates up to 30 gpm was used for suspended 
solids removal. The addition of coagulants was attempted in order to 
improve the solids capture and the distribution of product and reject 
waters. The major portion of this phase of the study was carried out 
during the summer when lagoon effluent suspended solids levels were 
high. 

REMOVAL OF SOLUBLE COMPONENTS 



Work was also done to eliminate the soluble pollutional com- 
ponent of the effluents, namely, ammonia nitrogen, phosphorous and dis- 
solved BOD. Chemical addition was used for phosphorus removal with 
two alternate biological systems used to reduce the ammonia and soluble 
BOD levels. 
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DISCUSSION OF RESULTS 

General 

As seen from Figure 1, the organic loading on the Strathroy 
lagoon varied from a low of 16 lb BOD per acre per day during April and 
July to a high of 27 lb BOD per acre per day during May, with an average 
loading of 21 lb BOD per acre per day based on the total raw sewage flow 
being diverted to the north cell {38 acres). Raw sewage samples were 
taken every three days using a flow proportional 2*4 hour composite sampler, 
Flow measurement was done using a V notch weir and an integrating recorder 
which was read daily. The flow was checked daily against calibrated pump 
running times.. The two techniques of flow measurement provided almost 
identical numbers. 

The detention time of the lagoon was calculated based on the 
recorded flow and the verified lagoon volume to be as shown in Figure 1. 
The minimum detention time of 86 days occurred during the spring runoff 
period in March and April with a maximum detention of 110 days during 
July. The average detention time was 100 days which is slightly lower 
than the accepted standard of 120 days. 

In general. It can be said that the Strathroy lagoon system was 
operating at its design organic load and slightly above its hydraulic 
load. It was felt that this system adequately represented the "standard" 
waste treatment lagoon. 

The effluent quality from the lagoon is shown in Figures 2, 4, 
6 and 7. 

As was expected, the seasonal variation In BOD and SS was high 
with the BOD ranging from a maximum monthly average of 21 mg/1 to a 
minimum of 12 mg/1 and the suspended solids ranging from 12 mg/1 to kj 
mg/1. Figure 6 shows high winter phosphorus levels of 5-2 mg/1 with a 
minimum value of 2.6 mg/1 In May. The effluent ammonia values. Figure 7, 
show a similar seasonal variation from 10.5 mg/1 in March to a minimum of 
4 mg/1 in June. 

An unexpected result Is shown In Figure 2 where the soluble 
BOD shows only a slight seasonal variation with a range of 3-5 to 7 mg/1 
dissolved BOD. 
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FfGURE 1. LAGOON LOADING AND DETENTION 
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FIGURE 2. LAGOON EFFLUENT TOTAL AND SOLUBLE BOD. 



It had been expected that high seasonal variations in soluble 
BOD would be experienced because of the low winter operating temperature 
and the long period of ice cover (January to March). 

DO levels in the lagoon effluent were always high, 6 to 12 mg/l , 
as long as the lagoon was ice free. During the winter periods, low DO 
levels (less that 1.0 mg/l) and sulphide odours were evident in the efflu- 
ent stream. The effluent withdrawal point is located approximately one 
foot from the bottom of the five foot deep lagoon. 

Suspended Solids Removal 

A. Microfloc Pilot Plant . The reason for using the Microfloc pilot 
plant was twofold. The unit is capable of removing suspended solids 
and at the same time, because of the addition of prime coagulants to 
enhance the solids removal, phosphorus removal will be effected. 

Standard jar tests were done on the lagoon effluent several 
times per month. The response of the effluent to chemical addition 
tended to vary rather markedly throughout the period of the study. In 
fact, the optimim chemical dosage could vary up to U0% higher or lower 
within a two or three day period. It was felt that the large changes 
in coagulation response were due to the changes in algae concentrations 
and types in the lagoon. 

Because of the rapidly changing coagulation characteristics 
of the effluent, It was at times difficult to control the microfloc 
system and thus optimum performance was not always maintained. The 
pilot unit was operated continuously (2^ hours per day) throughout most 
of the study. Automatic pressure recorders provided the run time and 
backwash frequency data. 

As seen in Figure 3, in spite of the difficulty described above, 
a reasonably consistent effluent BOO was maintained from the Microfloc 
system. The BOD values ranged from a low of 6 mg/l to a high of 9 mg/l. 
By comparing the soluble BOD shown in Figure 2 and the microfloc effluent 
BOD shown in Figure 3, it Is obvious that the microfloc type system, when 
properly operated, can approach the soluble BOD level quite consistently. 

This is confirmed by the suspended solid removal capability 
shown in Figure k. In spite of high feed suspended solids levels in 
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FIGURE 3. MICROFLOC PERFORMANCE SOD REMOVAL. 
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FIGURE it. MICROFLOC PERFORMANCE SUSPENDED SOLIDS REMOVAL 



April, the unit effluent remained less than 10 mg/1 SS at all times. 

Phosphorus removal to less than 1 mg/1 total P was also consistently 

achieved, (Figure 7) • 

Operation of the multimedia filter was assessed on a separate 

unit basis with both filter feed and effluent being monitored. Figure 

5 clearly demonstrates that when running the filter at a constant rate 

2 
of 5 gpm/ft and a fixed terminal head loss of 5 ft of H-0, a definite 

relationship exists between the filter feed suspended solids level and 

the duration of the filter run. As the feed suspended solids approach 

30 mg/1 the filter run time drops to less than two hours. Thus it is 

obvious that coagulation and sedimentation is required prior to filtration 

to ensure reasonable filter run times. 

Figure 6 shows a poorly defined relationship between influent 
and effluent suspended solids with the effluent solids being approximately 
^0% of the filter feed solids level. The data scatter is rather wide and 
thus a firm relationship cannot be established. It is likely that a well 
coagulated filter feed would more clearly define this relationship. 

It can be concluded that a coagulation sedimentation, filtration 
system can effectively convert a conventional lagoon effluent into a high 
quality effluent with BOD and SS levels below 10 mg/l and less than 
1 mg/1 total phosphorus. No ammonia conversion or reduction can be 
expected from the above physical - chemical system. Effluent ammonia 
levels remain high at ^ to 10 mg/1. 

B. Microstrainer . A Crane pilot microstra iner was used to treat lagoon 
effluents for a three month period from July to September of 1975. 
Initial results without the addition of prime coagulants resulted in from 
20% to 50% solids removal and a corresponding 10% to 20% BOD reduction. 
Actual microstrainer effluent values were from 10 to 20 mg/1 BOD and SS. 
In an attempt to improve the solids removal efficiency of the unit, 
coagulation of the feed with alum or ferric chloride and polyelectrolyte 
was tried. An intermittent improvement in solids capture was noted with 
some runs showing 70% SS removals to 16 mg/1 and many runs showing an 
increase in microstrainer effluent solids or a negative percent removal 
(to 100 mg/1) . 



142 







FIGURE 5. MULTIMEDIA FILTER RUN TIME. 




FIGURE 6. MULTIMEDIA FILTER PERFORMANCE SUSPENDED SOLIDS REMOVAL, 



E 






< 

i- 

o 



^ 



'nd. 



\ 



\ 



\ 



\ ' 



/ 






GO' 



,o!^ 



^^ 



\ " 




M 



M 
19 75 



A 



FIGURE 7. MICROFLOC PERFORMANCE PHOSPHORUS REMOVAL. 



BOD removal was consistently positive, varying from 25 to 70^. 
Actual effluent values ranged from 6 to 16 mg/1. 

In both operating modes tlie microstrainer was not capable of 
producing the high quality effluent desired in this study. Its erratic 
performance and frequent need of batchwise cleaning with chlorine solu- 
tion to improve its hydraulic capacity make it an unsuitable system for 
polishing of lagoon effluents. 

C. Dissolved Air Flotation . The flotation unit was operated from March 
to July, 1975, and consistent 20 to 30% BOD removal down to 8 to 12 mg/1 
BOD was maintained. The suspended solids removal, however, was erratic 
varying from negative removals to 60% removal. During the critical summer 
period, flotation effluent solid levels were always high at 15 to 30 
mg/ 1 . 

The effluent phosphorus levels were 1.0 to 2.0 mg/1, being 
reduced by the prime coagulants used in the flotation system. 

This unit was capable of continuous operation, producing an 
intermediate level of suspended solids, BOD and phosphorus removal. It 
does not produce the required high quality effluent desired. 

Reduction of Soluble Components 

Conversion^ of ammonia nitro^sn to nitrate nitrogen is desirable 
in attaining a m inimum oxygen demand in the effluent. Each pound of 
ammonia nitrogen discharged exerts 4.5 lb of oxygen demand on the receiving 
stream. The objective of ammonia conversion was to reduce the ammonia 
level from the k to 10 mg/1 found in the lagoon effluent to less than 
1 mg/1. Figure 8 shows that the effluent ammonia level varies seasonally 
from a minimum value of k mg/1 in June to a maximum value of 10 mg/1 
in March. This variation is likely due to the reduced atmospheric losses 
of ammonia because of the winter ice_cpver. At no time was there more 
than 1 mg/1 nitrate nitrogen in the lagoon effluent in spite of the con- 
sistently high raw sewage ammonia levels of 20 - 30 mg/1, indicating 
negligible biological ammonia conversion to nitrate. Thus there was an 
unexplained loss of from 10 - 25 mg/1 of nitrogen across the lagoon system. 

Direct losses of ammonia nitrogen to the atmosphere are a 
distinct possibility since the lagoon pH levels frequently rise to 10 or 
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more. At this pH level, ammonia exists primarily in the more volatile 
non- ionic form NH.. 

R B C Pilot Plants 



1 . Bio-Surf System . Pilot work centered around the biological conver- 
sion of ammonia to nitrate on rotating biological contactors (RBC) . 
Two types of contacts were used. The first was a RBC unit supplied by 
the Autotrol Corp. known as the Bto-Surf system. This unit was started 
in January 1975 at a low flow rate of 0.5 gpd/ft of surface available 
for biological growth. Lagoon effluent was used as feed. As can be seen 
from Figure 8, a three month startup period was required before adequate 
nitrification was begun. This extended startup period was likely due to 

the very low (A C) operating temperatures experienced throughout the 

2 
startup period. Flows were maintained at 0.5 gpd/ft throughout the 

startup period. From mid April to the end of May the flow was doubled 

on four occasions bringing the final flow to 8 gpd/ft . At this final 

flow level a slight deterioration in Bio-Surf effluent arranonia levels 

was noted with an increase from 0.3 mg/1 to 0.9 mg/1. This flow was 

maintained throughout the summer with a consistently good ammonia removal 

being attained at an operating temperature of 18 to Tf* C. 

Table 1 shows the corresponding BOD, Sol. BOD and SS removal 

experienced during summer operations. Approximately 20^ BOD and SS 

reduction was noted. Virtually no soluble BOD removal was achieved. 

Attempts were made to settle the Bio-Surf effluent with no success. 

Unsettled solids levels were approximately Ih mg/1 with no decrease being 

noted even when held under quiescent conditions for two hours. 

2. Euro-Matic Biodrum . For a two month period during the summer a RBC 
pilot unit as supplied by Prospereau Consultation Ltee was used for 
ammonia conversion. The results of this study are shown in Figure 9. 

The startup period was significantly shorter than the cold 
weather startup of the other RBC pilot unit, with full nitrification 

being achieved within three weeks. 

2 
The unit was started at a low loading of 3.5 gpd/ft and gradually 
2 
increased to 9 gpd/ft , at which level It performed well with no evidence 

of a deteriorating effluent quality. 
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FIGURE 9. BIODRUM PERFORMANCE AMMONIA CONVERSION 



TABLE 1. BIO-SURF OPERATION EFFLUENT VALUES AND 
REMOVAL EFFICIENCIES. 



Month 


BOD 


ss 


Total 


sot 


mg/1 


% Removal 


mg/1 


% Removal 


mg/1 


% Removal 


May 


11 


8 


5 





25 


28 


June 


13 


19 


6 





20 


9 


July 


16 


20 


5 





28 


22 


Aug. 


H 





4 


30 


16 


43 



TABLE 2. BIO DRUM OPERATION EFFLUENT VALUES AND 
REMOVAL EFFICIENCIES FOR AUGUST AND 
SEPTEMBER 1975- 





Effluent 
mg/1 


% Removal 


BOD 


15 





Soluble BOD 


5 


15 


Total PO, as P 


3.4 


5 


SS 


26 


7 


NH as N 


0.1 


98 



150 



With respect to BOD, SS and phosphorus removal, the unit pro- 
vided virtually no change in these parameters as seen in Table 2. 

From both these studies, it can be concluded that lagoon effluent 

ammonia levels can be effectively reduced to less than 1.0 mg/1 using 

2 
RBC equipment operating at high hydraulic loading rates (8 to 9 gpd/ft ) 

during the critical summer period. 

Startup times of approximately three weeks can be expected. 

RECOMMENDED SYSTEM AND COSTS 

Based on the data collected In a nine month study at the Strathroy 
lagoon, the following appears to be an effective post treatment system 
for lagoons. 

Figure 10 shows a line drawing and basic design parameters of 
an ammonia conversion, solids removal and phosphorous removal post treat- 
ment system. 

It incorporates a rotating biological contactor, flash mixing, 
sedimentation and filtration. 

The expected effluent quality is 7 mg/1 BOD, 7 mg/1 SS and 1.0 
mg/1 ammonia. 

Because of the volume of the lagoon, it will be possible to run 
such a post treatment system at a fixed rate for extended periods of time. 
This should aid in minimizing the requirement to overdesign to handle 
maximum daily hydraulic loads and should make operation somewhat easier. 
It will be necessary to provide considerable manpower for operation because 
of the need to continuously monitor the effectiveness of the chemical 
system, as day to day variations can be expected. 

If winter operation is required, the system should be totally 
enclosed as the liquid temperatures will be ^ C throughout the ice 
covered period. Annonia conversion throughout the winter is not practical 
with this biological conversion system. It should only be run during the 
ice free period. 

Consideration should be given to the overall Impact of such an 
effluent on the receiving stream. The total measurable oxygen demand 
will be approximately 7.0 mg/1 from the BOD and 4.5 mg/1 from the ammonia, 
or 11.5 mg/1 0- In total. During the summer period when the effluent DO 
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FIGURE ?0. PROPOSED SYSTEM 



levels will be 10 to 12 mg/l the net effect on the stream should be neutral 
or it might have a positive effect when the oxygen input exceeds the 
oxygen demand. 

Consideration might be given to providing a short post aeration 
facility to supplement the oxygen levels when they fall below saturation 
during extended cloudy periods or periods of ice cover. 

The costs associated with this system are shown in Table 3- 

TABLE 3. COSTS 





Operat ing 
(f/lOOO gal 


Caoi tal 
$ 


Operat ing 
ij:/I000 gal 


Capi tal 

$ 


Rotating Biological 
Contactor * 


3 


80,000 


2.5 


220,000 


Clarification ** 


§ 


650,000 


7.5 


1,400,000 


Fi Itration ** 


i. 


300,000 


6 


550,000 



* From Napier-Reid Ltd. Toronto. 

** Based on ENR construction Index of 2200. 1975 from 
R.P. Monti and P.T. Silvermann "Wastewater system 

Alternates. What are they and what cost?" 

Water and Wastes Engineering May 1974- 

The costs shown in Table 3 are not prohibitive in light of the 
dramatic improvement in effluent quality available. 

As has been concluded, it is feasible to produce a high quality 
effluent from this modified lagoon system at a reasonable cost. 

Adoption of this system should allow further expansion of 
municipalities located on marginal receiving streams. 
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A PRELIMINARY REPORT ON PILOT 

PLANT FILTRATION OF SECONDARY 

EFFLUENTS 

by 

R.B. Hunsinger and J.W.G. Rupke 
Ontario Ministry of the Environment 



INTRODUCTION 

Recent critical evaluations on assimilative capacities of 
receiving streams has led to the imposing of high effluent quality 
objectives for discharges from some Water Pollution Control Plants. 
This higher quality effluent is frequently described as having the fol- 
lowing chemical characteristics: 5 mg/1 BOD, 5 mg/1 SS, and total 
phosphorus concentrations of 1 mg/1 or less. Frequently, design consi- 
derations include proposals for filtration of secondary effluents 
(effluent polishing) which are assumed to be capable of yielding the 
above-mentioned high quality effluent. 

Previous pilot studies (l) conducted by the Ministry of the 
Environment at the Brampton-Chinquacousy WPCP indicated that the efflu- 
ent quality from a filtration unit Is not a function of hydraulic loading 
or of media type but Is predominantly influenced by the filter Influent 
quality. The results of that study indicated that filtration of secondary 
effluents would not consistently yield the high effluent quality that 
has been required in some installations. 

As effluent polishing is a standard unit operation that can 
be readily implemented at a WPCP, it was necessary to determine whether 
an effluent with BOD and suspended solids below 5 mg/l could be consistently 
obtained through filtration, possibly with the addition of low concentra- 
tions of prime coagulants and/or pol yelectrolyte to the filter influent. 

Since phosphorus removal is now required at most WPCP's In 
the Province of Ontario, an effort was made to determine the quality of 
effluent obtainable through filtration of such chemically treated effluents. 
The characteristics of filter operation under these conditions were assessed 
simul taneously . 
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In order to partially achieve these objectives, a pilot filtra- 
tion unit was installed at the Waterloo WPCP in late 1973 and tests were 
carried out over ig?'*. This plant could be considered an average acti- 
vated sludge plant showing effluent BOD's and SS of l8 and 20 mg/1 , 

respectively. Ferric chloride is added at the end of the aeration tank 

+3 
at a dosage rate of 7 mg/1 as Fe to effect phosphorus removal. Over 

197'* the plant operated at approximately 98^ of its hydraulic load and 

at approximately 83^ and 88% of the design load for BOD and suspended 

solids, respectively. 

EXPERIMENTAL PROCEDURE 

Feed water for the pilot filter was supplied from the final 
effluent chamber prior to chlorination via the plant's defoamer and hy- 
drant system. A 300 gallon constant overflow tank for feed water was 
installed ahead of the pilot unit in order to ensure a continuous supply 
of final effluent without any intermittent changes in effluent quality. 

A flow diagram of the filter unit is presented in Figure 1. 

The filter chamber was 22 inches in diameter by 96 inches high 
with an area of 2.5 sq ft. The media consisted of a top layer of 36 
inches of anthracite (0.9 mm effective size, uniformity coefficient 1.65) 
and a bottom layer of 12 inches of sand (0.5 mm effective size, uniformity 
coefficient 1-5) supported on gravel less underdrains. 

Water was pumped down through the filter and through a "Kates" 
flow control valve to a backwash storage tank, from which the overflow 
flowed to waste. 

All filter runs were terminated at approximately 60 inches of 
water headloss above the initial dynamic headloss on the clean filter 
bed. Hydraulic loads of 2, 5 and 8 Igpm/sq ft were applied to the filter 
with the majority of the tests carried out at 5 Igpm/sq ft. 

Total differential pressure across the filter and the flow were 
constantly measured and recorded automatically throughout each run. 

At the end of Run #8, piezometer taps were installed In the 
filter column at 6 inch intervals from below the underdrains to above 
the media and connected via a switching device to a - 200 inches of 
water differential pressure gauge, thus allowing the measurement of 
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differential pressure throughout the media. Measurements were taken at 
the beginning and end of each run as well as at intervals during the run. 

Backwash was accomplished automatically when the filter reached 
60 inches of headloss above initial dynamic headloss. The backwash se- 
quence consisted of a 5 minute draindown time, 5 minutes of air scour 
(15 SCM @ 5 psi), and a one minute refill period followed by 5 minutes of 
backwash at 13 igpm/sq ft. 

Particle size analysis using a Millipore MC Unit was carried 
out on feed water and filter effluent from one filter run at each flow 
rate. 

Twenty-five runs at various flow rates were carried out in 
total. Not all runs were taken to completion due to mechanical diffi- 
culties either within the filter or within the WPCP. 

EXPERIMENTAL RESULTS & DISCUSSION 



The experimental results are presented in Appendix 1. 

One typical run at each flow rate is presented and discussed 
in detail. The criteria for choosing the typical runs was that each 
have a similar and consistent feed water suspended solids range. The 
typical runs are not necessarily the most efficient runs from each series. 

Slow Rate Filtration 



Two filter runs were carried out using a flow rate of 2 Igpm/sq 
ft (Run #18 and #19 in Appendix 1). Run #18 exhibited atypical results 
in that the feed water suspended solids average of 17 mg/l (range - 12-23 
mg/1) was reduced to only 13 rng/l (range - 9-17 mg/l) with the filter only 
retaining an average of k mg/l (range - 3~7 mg/l). Also, bulking in the 
final clarifier caused the feed water suspended solids to go to 676 mg/l in 
the nineteenth hour causing the run to quickly go to terminal headloss. 

Run #19 began at an initial dynamic clean bed headloss of 20 
inches of water and terminated at 81.5 inches of water headloss 28 hours 
later. 

Cumulative total headloss and cumulative solids retention for 
Run #19 are presented in Figure 2. 

The feed water suspended solids average of 12 mg/l (range - 9-15 
mg/l) was reduced to an average filter effluent of 3 mg/l (range - 2-5 
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FIGURE 2. DIFFERENTIAL PRESSURE AND SOLIDS RETENTION 
FOR PILOT FILTER RUN #19 AT 2 Igpm/sq ft 



mg/1) SS with the filter retaining an average of 9 mg/l (range - 6-12 
mg/1) suspended solids, 

BOO results for Run #19 exhibited similar performance to those 

for suspended solids, with the average BOD of 18 mg/1 (range - 16-21 mg/1) 

in the feed water being reduced to an average of k mg/1 (range - 3-'* mg/l) 

in the filter effluent with the filter retaining an average of 15 mg/1 
(range - 13-17 mg/1) BOD. 

Medium Rate Filtration 

Eighteen runs were carried out at 5 Igpm/sq ft. The results 
from these runs are presented in Appendix 1. Run #10 was chosen as a 
typical run as it fulfilled the criteria noted above. The run began at 
an initial dynamic headless of kS Inches of water and terminated 12 hours 
later at a headless of 100 inches of water. 

The feed water suspended solids averaged 12 mg/1 (range - S-]k 
mg/1) and the effluent SS averaged 3 mg/l (range - 1-6 mg/l). BOD 
values followed a similar pattern, with feed water BOD averaging 16 mg/1 
(range - 13-20 mg/l) and effluent BOD, 3 mg/1 (range - 3"'* mg/l). 

Cumulative total headless and cumulative solids retention for 
Run #10 are presented in Figure 3- 

Hlgh Rate Filtration 

Five filter runs were carried out at 8 Igpm/sq ft (Appendix 1). 
Run #22 is presented in detail. 

Run #22 began at an initial dynamic headloss of 100 inches of 
water and terminated six hours later at 157 inches of water. 

Influent suspended solids averaged 15 mg/l (range 11-17 nrtg/l) 
while the effluent SS were consistent at k mg/l SS . BOD levels In the 
influent feed water averaged 23 mg/l (range - 20-26 mg/l) with an effluent 
BOD average of 9 mg/l (range - 8-10 mg/l). 

Cumulative cotal headloss and cumulative solids retention for 
Run #22 are presented in Figure k. 

"Typical" Runs Comparison 

The effect of flow rate variation on the quality of effluent 
produced between the three "typical" runs was not evident In the effluent 
suspended solids analysis (Appendix 1). A consistent high quality effluent 
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FIGURE 3- DIFFERENTIAL PRESSURE AND SOLIDS RETENTION 
FOR PILOT FILTER RUN #10 AT 5 Igpm/sq ft 
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FIGURE k. DIFFERENTIAL PRESSURE AND SOLIDS RETENTION 

FOR PILOT FILTRATION RUN #22 AT 8 Igpm/sq ft 



of 3-^ nig/1 suspended solids was produced. Although the average effluent 
suspended solids was 1 mg/l higher in the highest flow rate as compared 
with the two lower flow rates, this difference was not felt to be signifi- 
cant. 

The three "typical" runs were examined for variation in effluent 
suspended solids in relation to variations in influent solids levels 
(Appendix 1). In all three runs there was no evident relationship, with 
the effluent SS remaining relatively constant while the influent SS 
varied. This point is even more evident in runs #8 and #9 (Appendix 1) 
where intermittent high influent SS levels did not vary the effluent SS 
levels . 

Examination of the effluent SS levels in runs #19 and #10 (2 and 
5 Igpm/sq ft) (Appendix l), shows an improvement of the SS removal ability 
of the filter over the duration of the filter runs. This would suggest 
that the trapped solids were reducing the effective size of the media 
and thus Improving suspended solids removal. This phenomena was not 
evident in the high rate filtration run. 

BOD effluent levels In the 2 and 5 Igpm/sq ft "typical" runs 
were an average of k and 3 mg/l, respectively. In the 8 Igpm/sq ft run, the 
effluent BOD averaged 9 mg/l. The BOD-suspended solids ratio for the 
influent was 1.5 which Is much higher than normally would be expected. 
Given well stabilized activated sludge plant effluent with a normal 
BOD-suspended solids ratio in the range of 0.5, the h mg/l average suspend- 
ed solids level In the high rate run would be adequate to reduce the BOD 
level below 5 mg/l . 

The amount of effluent produced per square foot of media for 
the duration of each of the "typical" runs was calculated. The filter 
runs at 2, 5 and 8 Igpm/sq ft produced 3360, 3600 and 288O Igal of 
effluent per square foot, respectively. 

It would be expected that the solids storage in the filter 
(Figures 1, 2 and 3) would show a similar pattern. The filter runs at 
2, 5 and 8 Igpm/sq ft showed O./'l, 0.86 and 0.78 pounds of stored solids/sq 
ft of media, respectively, at run termination. 
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The discrepancies in order between the effluent production and 
the solids storage values are probably a result of the limited data 
examined. For the available data, it can be concluded that the filter 
flow rate (igpm/sq ft) has no influence on the total effluent (gal/run) 
or solids retention capability (lb SS retained/ft media), to a given 
terminal headloss above initial dynamic headloss. 

Headloss Distribution 

For filter runs numbers 9 through 25 a headloss distribution 
chart is presented in Appendix II. The data presented are those taken 
irrmediately prior to terminal headloss. Hutchison (2) states that: 
"During the course of a filter run, the headloss will distribute itself 
in a manner similar to that measured at the conclusion of run". Numerous 
tests during this study confirm this point. The data in Appendix II 
represent the headloss measured near termination minus the initial 
dynamic headloss for that same region in the filter taken at the beginning 
of the run. 

The headloss distribution and presumably the solids distribution 
within the filter at the termination of the three "typical" runs at various 
flow rates is presented in Table 1, Runs #19 and #10 at 2 and 5 Igpm/sq 
ft respectively show a similar pattern of distribution, with ^t% of the 
solids stored in the top 3 inches of anthracite below the anthracite-water 
interface, and 8^ and 1% of the solids stored in the next 9 inches of 
anthracite. The remainder of the anthracite shows little or none of 
the stored solids. Run #19 exhibits no storage in the sand layer while 
Run #10 shows 6^ in this area but not at the interface. Both runs exhibit 
high headloss over the underdrain area. 

Run #22 (8 Igpm/sq ft) has 11% of the solids trapped in the top 
3 inches of anthracite while the area from here to below the sand-anthracite 
interface exhibits no storage at all. This would suggest that the high 
flow rate is causing surface blinding at the water-anthracite interface. 
The sand area between k and 10 inches above the underdrain has 3% of the 
stored solids. Again, a significant headloss is shown across the under- 
drains. 
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The lack of solids storage at the anthracite-sand interface 
may be a result of an insufficient backwash rate, which would cause a 
mixing of the coal and sand and thus negate the effectiveness of the 
interface. The solids storage in the sand below the interface in Runs 
#10 and #22 would support this theory. This mixing of sand and anthra- 
cite may have been advanced to the point where the effective interface 
area was moved down to below the 't inch piezometer point, and the differ- 
ential pressure increase noted across the underdrains may have been due 
to a lowered interface, 

Particle Size Analysis 

Three consecutive filter runs were carried out at flow rates 
of 2, 5 and 8 igpm/sq ft and the filter feed water and effluents were 
subjected to particle size analysis on a "Millipore ttMC Particle Measure-* 
ment System" at the Canada Centre for Iriland Waters (Table 2). 

In order to insure the comparability of these samples, suspended 
solids analyses were carried out throughout the three runs. Over the 
duration, the feed water SS ranged from 10-12 mg/1 and the effluent SS 
ranged from 3"^ mg/l thus insuring comparability. 

The data in Table 2 indicate that the lower the flow rate, 
the fewer number of particles found in the effluent. This would be 
expected since the higher flow rates would ti3nd to force more particles 
through the filter. 

The "ttMC Particle Measurement System" measures the horizontal 
chord of the particles. In order to get another view of these data the 
horizontal chord was assumed to be the diameter of a sphere and a "volume" 
was calculated. The "volume" of one particle with a diameter of 91.3 microns 
is equivalent to the "volume" of approximately 16,000 particles with a 
diameter of 3-6 microns. Figure 5 presents the cumulative percent of 
total "volume" retained by the filter over the range of particle sizes 
for the three flow rates used. Also, cumulative percent of total "volume" 
of the raw water is presented. 

The particle count (Table 2) shows 85% of the number of particles 
in the feed water below 18.1 microns in chord width. The graph (Figure 5) 
suggests that in terms of "volume" this represents approximately 12^ 
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TABLE 1. HEADLOSS DISTRIBUTION AT VARIOUS 
FLOW RATES 



Filter 


Run #19 


Run #10 


Run #22 


Depth In 
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(-1) 
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(-1) 
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(-4) 
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19 


17 
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TABLE 2. MILLIPORE ttMC PARTICLE SIZE ANALYSIS FOR 
PILOT PLANT STUDY 



Mean Number of Particles 



Size 

Mean Horizontal 


Feed 
Water 


2 Igpm/ 


5 Igpm/ 


8 


C3 

Igpm/ 


Chord in Microns 




sq ft 


sq ft 


sq 


ft 


3.6 


163 


184 


111 




265 


4.5 


335 


163 


253 




430 


5.7 


185 


107 


118 




174 


7.2 


118 


115 


159 




104 


9.1 


165 


54 


106 




56 


11.4 


80 


32 


98 




49 


14.4 


144 


23 


71 




31 


18.1 


66 


3 


14 




25 


22.8 


59 


6 


40 




24 


28.7 


65 


4 


11 




11 


36.2 


24 


4 


7 




6 


45.6 


13 


2 


i 




:i 


57.4 


10 


Q 


1 







72.3 


3 













91.3 


1 













115 
















Total Number 


1,431 


697 


992 


T^ 


,178 



* 



all data given are an 
average of 3 samples 
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FIGURE 5- ACCUMULATED "VOLUME" OF PARTICLES EXAMINED IN 
THE PILOT PLANT FILTRATION STUDY 



of the "volume" of the feed water. Similarly, the particles below 18.1 
microns represent approximately 10% of the total volume retained by 
the filter. 

At the high flow rate (8 Igpm/sq ft) it appeared that particle 
shear was taking place, since there was an increase in the number of par- 
ticles in the 3-6 and k,5 micron size in the effluent compared to the 
influent samples. Although this only represented a very small fraction 
of the suspended solids in the effluent, it is anticipated that this 
adverse effect may become more significant if the hydraulic rate is in- 
creased or if the Influent suspended solids are less stable. 

The efficiency of the filter in terms of particle removal is 
much greater for particles with a chord width greater than ]k.k microns 
(Table 2). In this study these particles represented a large percentage 
of the volume. In the treatment of an effluent where a high percentage 
of the particles are below \k.^ microns chord width, coagulation would 
be necessary. 

Bacl<wash Values 

At flow rates of 2, 5 and 8 Igpm/sq ft the pilot filter unit 
produced 300, 750 and 1,200 Igal/hr, respectively. A comparison of the 
gallonage of product over each filter run compared with the backwash 
volume of 200 Igal will give an index of filter efficiency. 

The average percentage of product water used for backwash 
was calculated for the three flow rates. 

% of Product Used for Backwash 



Flow Rat 


:e 


Number 


of 







Igpm/sq 


ft 


Runs 




Average 
3.0^ 


Range 


2 


2 




2.k - 1.5% 


5 




9 




3.U 


1.6 - k.S% 


8 




3 




3. hi 


2.8 - i*.2% 



With a variation of 3-0 to 3-'*^ of product used for backwash, 
the pilot filtration unit would seem to be quite efficient hydraul ical ly , 
considering that in some of these runs the feed water had intermittent 
high SS which ended the filter run much sooner than usual. 
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1.0 MGD 


3. 


.0 MGD 


WPCP 


WPCP 


190,000. 


365. 


,000. 


5r.75 




33.1'< 


100.80 




72.00 


152.55 




105.14 



Filtration Costs Estimate 

A cost estimate based on the ENR Index 2200 (3), January 1973 
is presented below. The capital amortization period Is 20 years at an 
interest rate of B%, 



Capital Costs (4) 

Capital Cost Amortization 
(20 yr § 8^) ($/MG) 

Operation & Maintenance 
Costs ($/MG) 

Total Costs ($/MG) 

SUMMARY AND CONCLUSIONS 

I. From the comparison of three runs at 2, 5 and 8 !gpm/sq ft flow 
rates, the following conclusions were drawn: 

a) Effluent suspended solids did not vary directly with 
influent suspended solids. A consistently high quality 
effluent was produced with suspended solids below 5 mg/1. 

b) The three flow rates produced similar effluent quality 
with average suspended solids levels of 3~4 mg/1. 

c) The two lower flow rates exhibited improving solids 
removal ability over the duration of the runs. This 
was not evident in the high rate filtration run. 

d) The two lower flow rates had effluent BOD levels below 

5 mg/1. The higher flow rate had an average BOD of 9 mg/1 
A high BOD-suspended solid ratio suggested that modifica- 
tion of the secondary treatment process would reduce the 
9 mg/1 to within acceptable limits. 

e) No significance was given to the variation In the amount 
of effluent produced by the filter or the solids storage 
capacity between the three "typical" runs. 
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f) The ability of the filter to take high influent suspended 
solids for a short period and deliver consistently low 
effluent suspended solids would offer a good form of 
secondary protection for short term plant upsets. 

2. a) Particle size analysis showed that the filter was more 
efficient in the removal of particles greater than 1^.4 
microns in chord width. Thus, in situations where a high 
percentage by volume of the particles were below ik.k 
microns, coagulation of the filter feed would be required. 

b) Particle size analysis appears to show a shearing of 
solids into smaller particles at the high flow rate 
(8 igpm/sq ft). 

3- The majority of the removal of solids in the filter took place at 
the anthracite-water interface, 

k. Hydraulic efficiency of the pilot unit was good with approximately 
3.2% of the effluent used for backwash. 

5. The costs are not prohibitively high, with the 1 and 3 MGD plants 
showing total costs of $152.55/MG and $105.1't/MG, respectively. 

REFERENCES 

(1) Rupke, J.W.G., "Sand Filtration". Presented at Pollution Control 
Association of Ontario Annual Meeting, Ottawa, Ontario, April I'l, 
1972. 

(2) Hutchison, W.R., Operation Variables and Limitations of Direct 
Filtration, Ontario Ministry of the Environment, Toronto, Ontario, 
January, 1975- 

(3) Monti, R.P. £ Silbermann, P.T., "Waste Water System Alternates: What 
are they and what cost?" Water 5 Waste Engineering, p 'tO, May, 197^- 



170 



APPENDIX I 

EXPERIMENTAL RESULTS OF PILOT FILTKaTION 
STUDIES AT WATERLOO 1 97^4 
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Flow 


Time 
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APPENDIX I (Con't) 
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APPENDIX I (Con't) 
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APPENDIX I (Con't) 
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APPENDIX II 

HEADLOSS DISTRIBUTION FOR PILOT PLANT 
FILTRATION STUDY 
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DESIGN CONSIDERATIONS TO ATTAIN LESS THAN 
0.3 mg/1 EFFLUENT PHOSPHORUS 

by 

W.E. Stepko and W.H. Schroeder 
Wastewater Technology Centre 
Environmental Protection Service 
Environment Canada 



INTRODUCTION 



In response to the Canada/Ontario and the Canada/United States 
Agreements on Great Lakes Water Quality, the Province of Ontario implemen- 
ted a program for the installation of phosphorus removal facilities 
at municipal and institutional wastewater treatment plants located in the 
Upper and Lower Great Lakes Drainage Basins, the Ottawa River System and 
inland recreational areas. Today, effluent total phosphorus concentrations 
not exceeding one milligram per litre are a requirement for the majority 
of wastewater treatment facilities in Ontario. However, more stringent 
effluent phosphorus criteria may be required in certain areas in the 
future because of a sensitivity of the receiving water to phosphorus 
discharges (Lee, 1970). This paper will discuss design considerations 
for attaining total phosphorus concentrations less than 0.3 mg/1 in the 
final effluent discharged from water pollution control plants. 

Background 

To implement the Ontario Government's phosphorus removal policy, 
the Ministry of the Environment initiated a two-phase treatability study 
programme consisting of jar testing and short-term full scale studies 
financed under the Canada/Ontario Agreement (COA) . Since the initiation 
of the program in 1972, phosphorus removal treatability studies have been 
carried out by personnel of the Ontario Ministry and the Federal Department 
of the Environment, as well as municipal staff and consulting engineers, 
at over 200 water pollution control plants in Ontario. A summary of 
the findings of these treatability studies is contained in an as yet 
unpublished report by Prested, et al. (1975)- The report concludes that 
effluent total phosphorus concentrations of 1 mg/1 can be achieved by 
traditional coagulation and precipitation processes using lime, or Iron 
or aluminum salts. 
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A summary of some of the results obtained during these full 
scale treatability studies in Ontario is presented in Table 1. The optimum 
method for phosphorus removal in most instances was addition of ferric 
chloride or alum to the mixed liquor. With mixed liquor chemical addition, 
the studies showed that, at a final effluent total phosphorus concentration 
of I mg/1 , the average metal cation to filterable phosphorus molar ratios 
were 2.3 and 2.1 for Iron and aluminum, respectively. Of the 12 plants 
that used alum or ferric chloride addition to the raw wastewater, seven 
were primary plants and had no other option. 

FUNDAMENTAL PHYSICO-CHEMICAL CONSIDERATIONS FOR PHOSPHORUS REMOVAL 

Phosphorus Is generally present in wastewater in more than 
one chemical form. The relative quantities of the three major forms of 
phosphorus (orthophosphate, polyphosphate, and particulate phosphorus) 
generally encountered in domestic wastewater are shown In Figure 1. 
Approximately one-third of the total phosphorus is in the soluble ortho- 
phosphate form, another third in the soluble polyphosphate form, and the 
remaining one-third is in the form of suspended particulate phosphorus. 
The final effluent total phosphorus concentration attainable depends upon 
the degree of conversion of soluble phosphorus to an insoluble form through 
reaction with a chemical coagulant/precipitant, and the efficiency of ^^ 
l_rgjuid-sol ids separation and suspended solids removal in the treatment 
plant. To achieve total phosphorus concentrations of 0.3 mg/1 or less, 
virtually complete conversion of soluble phosphorus to particulate 
phosphorus Is necessary. For all practical purposes, the residual 
total phosphorus concentration in the final effluent then becomes a 
direct function of the efficiency of the treatment system for suspended 
solids removal. 

It would be appropriate at this time to briefly consider the 
mechanisms responsible for phosphorus removal by chemical precipitation. 
The chemical reactions operative in phosphorus removal through the addition 
of lime are substantially different from those that occur when alum- 
inum or iron salts are employed as precipi tants. These coagulants 
are therefore discussed separately in the following sections. 
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TABLE 1 SUMMARY OF SOME RESULTS FROM FULL SCALE TREATABILITY STUDIES* 



oo 



Chemical 


Total No. 

of 

Plants 


Addition to Raw Wastewater 


Addition to Mixed Liquor 


Number 

of 
Plants 


Avg. Dosage 
(mg/l) 


Avg. Molar Ratio 
Metal Ion to 


Number 

of 
Plants 


Avg. Dosage 
(mg/l ) 


Avg. Molar Ratio 
Metal Ion to 


Tp. 


pp5 


TP"* 
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4.2 


20 


9.5^ 
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101^ 


15.8 


_3 


- 


- 



* Effluent total phosphorus objective of 1 mg/l 

^ Calculated as Fe or Al 

^ Calculated as Ca 

^ Insufficient data 

"* TP = Total Phosphorus 

^ FP = Filterable Phosphorus 
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Aluminum and Iron Precipitation 

The mechanisms responsible for the removal of phosphorus from 
wastewater by the addition of aluminum or iron salts are of a complex 
nature. They involve a number of competing chemical equilibria dependent 
upon pH, temperature, alkalinity, hardness and other wastewater character- 
istics. For more specific information the reader is referred to the 
literature (Jenkins, et al., 1971; Marson, 1971). 

Perhaps the most comprehensive laboratory jar test study using 
aluminum and iron salts for phosphorus removal has been carried out by 
Recht and Ghassemi (1970). According to this s tudy, the optimum ^H^fim 
orthophosphate precipitation from pure solutions was 6.0 for alumjnum and 
about '♦.0 for Iron, at metal cation to orthophosphate molar ratios in 
the range of 0.5 to 2.0. Residual orthophosphate concentrations obtained 
at various pH's are shown in Figure 2 for a 2:1 molar ratio of aluminum or 
iron to orthophosphate. Orthophosphate concentrations less than 0,3 
mg/1 , calculated as P, were obtained at pH values of 5-5 to 7.0 for 
aluminum and 3-5 to 5-5 for iron. Similar results were obtained with 
aluminum addition to a secondary effluent (Figure 3). 

The efficiency of orthophosphate removal was shown to be a 
function of both operating pH and aluminum/iron dosage. At the optimum 
pH for orthophosphate precipitation, as well as at slightly lower pH levels, 
the chemical reactions resulted in the formation of extremely fine and 
well stabilized solids (as revealed by the appearance of turbidity). 
In the case of iron, at pH values in the range from 3 to k, the resultant 

turbidity could only be removed effectively by filtration through a 0.1 ym 

3+ 

membrane. However, within the pH range of app roxim ateJy ^ to 7 for Aj _ 

and ^t to 6 for Fe , large gelatinous precipitates formed and these settled- 
very readi ly. 

Recht and Ghassemi also observed that variations in aluminum 
and Iron dosages had an effect on orthophosphate removal efficiency 

similar to that just described for pH. Thus, at the optimum pH values 

3+ 3- 

complete orthophosphate precipitation was achieved at Fe to PO, molar 

3+ 3- 
ratios of I.'* to 1.6, and Al to PO. molar ratios of 1.8 to 2.0. Increases 

3+ 3- 3+ 3- 

in Fe to PO. molar ratios above 1.6, and Al to PO- to molar ratios 

above 2.0 resulted In the formation of fine precipitates which did not settle 
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very well. These suspended solids could only be removed through a membrane 
filter (0.^*5 ym) . Without filtration the increased dispersion of these 
precipitates resulted in corresponding increases in the nretal (Fe or Al) 
and phosphorus concentrations in the supernatant. 

Lime Add! t ion 



Phosphorus removal by means of lime addition is strongly pH 
dependent and thus directly related to the wastewater alkalinity. Chemical 
reactions of interest during lime addition to wastewater include (O'Farrell 
and Biship, 1971; Narkis et al., 1975): 

Ca^"^ + 20H" + CO, -* CaCO i + HO (1) 

Ca^"^ + 20H~ + HCO ~ -•- CaCO + + H^O + OH" (2) 

Ca^"*" + 20H" + CO^' ■* CaCO i + 20H" (3) 

5 Ca^"^ + kOH~ + 3HP0^^^" ^ Ca50H(P0^) + + 3H^0 

Mg^"^ + 20H~ ^ Mg(OH) i 

Precipitation of magnesium hydroxide (Equation 5) begins above pH 10,5- 
The lime dosage required to achieve a specific pH level in a 
wastewater increases with increasing wastewater alkalinity as shown in 
Figure h. As has been pointed out in the previous section, total 
phosphorus removal through lime addition is a strong function of operating 
pH. The relationship between residual phosphorus concentration and 
operating pH for a raw wastewater of moderate alkalinity (100 to 150 mg/1 
CaCO.) is shown in Figure -S. This illustration shows that, while the total 
soluble phosphorus concentration is reduced to less than 0.3 mg/1 P 
at pH 10, the total residual phosphorus concentration (dissolved and 
particulate phosphorus) is not reduced to less than 0.3 mg/1 until the 
pH approaches 11.5. The efficient clarification and phosphorus removal 
observed at pH values greater than 9 is related to the direct precipitation 
of the phosphorus and co-precipitation with the magnesium hardness as 
shown in Figure 6. Hence, magnesium hydroxide formation is desirable 
because the hydroxide acts as a flocculant and thus helps to clarify the 
water and to improve overall phosphorus removal. In contrast, in waste- 
waters with high alkalinities ('^350 mg/l CaCO,), sufficient calcium 
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carbonate precipitates in the pH range between 9-5 to 10 so as to produce 
suspended solids that are filterable with a dual-media filter. 

FULL SCALE DESIGN CONSIDERATIONS 



Primary Treatment Plants 

Phosphorus removal to an effluent total phosphorus concentration 
of 1 mg/1 has been successfully demonstrated at primary treatment plants 
by the addition of lime, or aluminum or iron salts, to the raw wastewater. 
Attaining effluent total phosphorus levels <0.3 mg/1 will require 
essentially complete i nsolubi 1 ization of soluble phosphates and efficient 
capture of the phosphate solids, both inorganic and organic. 

Theoretical considerations and previously discussed experi- 
mental work indicate that, in the case of aluminum/Iron salt addition for 
phosphorus removal, it might be advantageous to lower the wastewater pH 
more towards the optimum range for phosphate precipitation. Neglecting 
other factors such as economics for the moment, then at the normal pH 
levels of municipal sewage (6.8 to 7-8), it would appear that alum addition 
should be favoured over Iron addition. Adjusting the pH for optimum 
phosphorus removal could be accomplished by the addition of excess coagulant 
or acid. The method of choice will depend on the prevailing pH of the raw 
wastewater and the desired operating pH. Supplementary acid addition 
might be advisable for high pH wastewaters (pH >^ 7-5) to avoid excessive 
dosages of coagulant which could result in the formation of poorly settle- 
able floes not effectively removed by ordinary sedimenation or filtration 
methods. To achieve consistently low effluent phosphorus concentrations 
from a primary treatment plant through addition of aluminum/iron salts 
might also require polymer addition - to increase solids flocculation and 
settleabi 1 i ty - followed by multi-media filtration of the primary effluent 
to remove any carry-over phosphate floe. 

Lime addition to raw sewage has proven to be a successful method 
of obtaining low phosphorus concentrations in primary treatment plant 
effluents. O'Farrell and Bishop (1970 reduced total phosphorus concen- 
trations in a low alkalinity (H2 mg/1 CaCO,) wastewater to <0.3 mg/1 
with the addition of ^tOO mg/1 Ca(OH)-. Their pilot plant was operated 
as a two-stage high lime process (pH = 11.5) and consisted of first-stage 
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chemical clarification, recarbonat Ion, f locculation, second-stage clari- 
fication and dual-media filtration. The pilot plant operating parameters 
and effluent quality are summarized in Table 2. Clarified effluent 
total phosphorus concentrations of 0.18 mg/1 were obtained when ferric 
chloride was used as a flocculating aid. 

In general, the choice between a single-stage and a two-stage 
lime process will depend on the alkalinity of the wastewater and the required 
operating pH. In cases where chemical recovery is desired, the high lime 
process (pH >^ 11) would be required. Gulp and Gulp (1972) have indicated 
that lime recovery (via recarbonat ion and calcination) is economically 
feasible for treatment plants >10 MIGPD. However, an economically viable 
process for aluminum or iron recovery has not been developed at this 
time. 

Chemical Addition to Secondary Treatment Plants 

For the purpose of this paper, secondary treatment plants are 
limited to those utilizing the activated sludge process or one of its 
modifications (e.g., extended aeration, contact stabilization). As a rule, 
in activated sludge plants alum or Iron salts are added either to the 
raw sewage ahead of the primary clarifier, or near the outlet of the 
aeration tanl<s. Phosphorus removal by lime addition is not practicable 
in the activated sludge process because of the high operating pH required 
for effective phosphorus removal. 

In general, equivalent phosphorus removals are obtained at 
lower aluminum or iron dosages in a secondary treatment plant as compared 
to a primary plant. This can be attributed to the biological uptake of 
phosphorus by the activated sludge mass and the phosphorus removal capa- 
bilities of the combined chemical/biological return activated sludge. As 
a result, aluminum and iron dosages required to achieve effluent total 
phosphorus levels of 0.3 mg/l will be less than those required in a 
primary plant aiming at the same effluent quality objective. Table 3 
lists some secondary treatment plants in Ontario that achieved effluent 
total phosphorus concentrations close to or less than 0.3 mg/1 with 
iron or aluminum addition during plant scale treatability studies (Prested, 
et al., 1975). Al or Fe to soluble phosphorus ratios necessary to achieve 
these low effluent total phosphorus concentrations are approximately 1.3 
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TABLE 2 TWO-STAGE LIME TREATMENT OF RAW WASTEWATER 
(O'FARRELL AND BISHOP, 1971) 



A) Operating Parameters 




Alkalinity Lime Dosage 
(mg/VCaC03) (mg/1 CaO) 

142 300 


1st Stage 2nd Stage Flocculation 
pH pH Aid 


11.5 10.1 5 mg/1 Fe^"^ 


B) Pilot Plant Performance 




BOD 


SS Total Phosphorus 


mg/1 % Removal 


mg/1 % Removal mg/1 % Removal 


Influent lit 


159 - 8.4 


Clarified ^4 3 81 
Effluent '^^•'^ **' 


18.5 88 0.27 97 


Filtered 20 4 84 
Effluent ^^-^ "^ 


5.8 96 0.18 98 
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TABLE 3 ONTARIO TREATMENT PLANTS THAT 


ACHIEVED 


^0.3 mq/1 EFFLUENT 








TOTAL PHOSPHORUS DURING PHOSPHORUS REMOVAL TREATABILITY 


STUDIES 






A) Average Operati 


nq Condi t 


ions 














Plant 




Influent 




Chemical ^ 


Pt. of 




Sec. Clarifier SOR 


& Type 


^TP (mg/1) ^FP (mg/1) 


Dosage 


Addition 




(Igpd/ft2) 


Bolton 


§M 


4.2 




11 mg/1 Al 


H 






654 


(Conv.Act.Sl.) 


















CFB Trenton 


:t.fl: 


1.8 




5.4 mg/1 Al 


R 






617 


(Conv.Act.Sl.) 








+ 0.5 mg/1 A23 
polymer 










London Pottersburg 


3-5 


-- 




25 mg/1 Al 


R & 


M 




520 


(Conv.Act.Sl.) 


















Tillsonburg 


8,5 


3.8 




12.5 mg/1 Al 


M 






235 


(Conv.Act.Sl . ) 


















Westminster Twp. 


$.A 


2.0 




9.0 mg/1 Fe 


M 






912 


(Ext.Aer.) 


















Woodstock 


!i.i 


1.3 




17 mg/1 Fe 


H 






655 


(Conv.Act.Sl.) 


















B) Effluent Quality 
















Plant 


TP 


BOD 


SS 


Turbidity 






Mol 


ar Ratio 




(mg/1) 


(mg/i) 


(mg/1) 


(JTU) 




Me/TP 


Me/FP 


Bolton 


0.34 


16 


21 


. 




2 


.1 


3.0 


Trenton 


0.2 


13 


IS 


S 




2 


.1 


3.0 


Pottersburg 


<0.3 


- 


■•- 


-. 




5- 


10 


- 


Tillsonburg 


0.3 


9 


i 


- 




1 


.7 


3.8 


Westminster 


0.31 


10 


ID 


«. 




T 


Ji 


2.5 


Woodstock 


0.2 


11 


12 


- 




1 


.2 


7.2 



TP = Total Phosphorus 



2 3 

FP = Filterable Phosphorus R = Raw Sewage, M = Mixed Liquor 



to 2.0 times higher than the ratios normally required (viz., 1.5 to 2.0) 

to achieve effluent total phosphorus concentrations of 1 mg/1. In 

general, these plants are well operated and produce a good quality effluent 

with BOD values <20 mg/1 and low turbidities. Except for Westminster, 

secondary clarifier overflow rates were generally less than the critical 

2 
clarifier overflow rate of 600 to 700 Igpd/ft delineated by Boyko and 

Rupke (1973). The effect of secondary clarifier overflow rate on liquid- 
solid separation efficiency - as measured by the effluent suspended solids 

concentration - is shown In Figure 7- At final clarifier surface overflow 

2 
rates exceeding approximately 600 to 700 Igpd/ft , a steady deterioration 

in effluent quality occurs. 

Because of the relatively short duration (two weeks to one month) 
of the foregoing treatability studies. It is not known if these plants 
could sustain such low effluent total phosphorus concentrations on a long 
term basis. Although chemical/biological systems can achieve good conver- 
sion of soluble phosphorus to particulate phosphorus, filtration of the 
secondary effluent could be required to remove any carry-over floe and 
give consistent effluent total phosphorus concentrations of 0.3 mg/1 or 
less. Generally, gravity and pressure filters of the multi -media type 
are used for the purpose of effluent polishing. 

As in the case of primary treatment plants, chemical phosphorus 
removal in secondary treatment plants requires establishment and close 
control of all operating parameters. Hais, et al. (1971) Investigated 
the use of dual and tri-media filters for polishing the effluent of an 
extended aeration plant using alum addition for phosphorus removal. 
Secondary effluent total phosphorus concentrations of 1.9 mg/1 were 
reduced by tri-media filtration to 0,23 mg/1 when alum addition reduced 
the secondary effluent pH to 6.5. Operation at pH levels >6.7 produced 
a fine phosphorus turbidity in the secondary effluent which was difficult 
to remove by filtration. Operation below pH 6.2 produced an upset 
in the biological system. They concluded that, with proper pH control 
(maintaining pH values in the range of 6.3 to 6.6) efficient phosphorus 
removal can be achieved In the activated sludge process with an Al :P 
weight ratio considerably less than 2:1 (Al :P molar ratio of 2.'t;l). 
The relationship between filtered phosphorus residual concentrations 
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Clarifier Overflow Rate ( m^/m^ d ) 







600 800 1000 

Clarifier Overflow Rate (gpd/ft^) 

FIG.7 EFFECT OF FINAL CLARIFIER OVERFLOW RATE ON LIQUID -SOLID 

SEPARATION (A/^^OR Fe^*ADDITION TO AERATION SECTION )(BOYKG 975) 



and operating pH is shown in Figure 8. To control pH in the relatively 
narrow range of 6.3 to 6.6 would probably require alternate dosing of acid 
and base subject to the prevailing conditions of pH and alkalinity. 

Post-Secondary Processes 

Post-precipitation (chemical addition to the secondary effluent) 
is a well documented method of obtaining effluent total phosphorus concen- 
trations in the range of 0.1 to 0.5 mg/1. Design considerations have been 
established (Culp and Gulp, 1971; Shannon, 1973) and will not be discussed 
here to any great extent. 

Post-precipitation requires the addition of separate equipment 
to an existing secondary plant. Individual components required are: 
flash mixing, flocculation and clarification (or alternatively a reactor 
clarifier combining all three), pH adjustment (if required) and filtration. 
Typical design parameters of the Individual process components are summarized 
In Table ^. As in the case of secondary clarifiers, relatively low 
surface overflow rates are required for good solid-liquid phase separation. 

In general, lime or alum are used as the chemical precipl tants. 
Iron salts are seldom employed because of the colouring effect that the 
iron may have on the final effluent. The choice between lime and alum 
will depend on (i) the relative effectiveness of the two chemicals for 
phosphorus removal, (ii) the plant size, and whether chemical recovery 
is desired (lime recovery Is feasible for plant sizes of 10 MIGPD while 
aluminum recovery is at present economically unattractive at any plant 
size), and (iii) whether sludge dewatering Is practiced (tertiary lime 
sludges are easier to dewater than alum sludges). 

Wastewater characteristics (alkalinity, hardness, pH) will 
influence the efficiency of the chemicals and the required chemical dosages 
in much the same manner as discussed previously for primary treatment 
plants. Alum dosages of 200 to 300 mg/1 (9 to 1^ mg/1 as Al) are usually 
required to achieve effluent total phosphorus concentrations (after 
filtration) of <0.3 mg/1. Alternatively, lime dosages of 300 to 600 
mg/1 Ca(OH) (depending on wastewater alkalinity and hardness) are required. 

Table 5 summarizes the results of several studies that employed 
a lime or alum post-precipitation process. It is apparent from these data 
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FIGS CORRELATION BETWEEN PROCESS pH AND PHOS- 
PHORUS CONCENTRATION IN FOURTH - STAGE STEP 
AERATION EFFLUENT (HAIS.ET AL.,197l) 
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TABLE 4 TYPICAL COMPONENT DESIGN PARAMETERS FOR A POST-PRECIPITATION 
PHOSPHORUS REMOVAL PROCESS 



Process Component 


Chemical 


Flash Mixing 
(Minutes) 


Flocculation 
(Minutes) 


Clarification 
SOR (Igpd/ft2) 


Filtration^ 
Loading (Igpm/ft^) 


Lime 


3 - 4 


5 - 15 


900 - 1400 


2.5^ - 4.2^ 


Alum 


1 - 2 




700 





oo 



^ Mixed Media type most commonly used 
^ Gravity Flow 



Pressure Filtration 



TABLE 5 POST- PRECIPITATION OF SECONDARY EFFLUENTS 






Plant Location & 
Effluent Stream 
Treated 


Process 


Operating Conditions 


Secondary 


Tertiary Effluent 


Chemical 
Dosage 


1st Stage 
PH 


2nd Stage 
pH 


Effluent 


Clarif. 

mg/l P 


Filt. 

mg/l P 


TP(mg/l) 


Alkalinity* 


Ely, Minnesota; 
Sec. Trickling 
Filter Effluent 


2-stage 

Reactor Clarifiers 
& Dual Media 
Filtration 


Lime 
150-200 
mg/l Ca(0H)2 


11.5 


10.0 


4-8 


80-120 


- 


<0.2 


Dist. of Columbia 
EPA-DC Pilot Plant; 
Sec. Step-Aeration 
Effluent 


2-stage 

Reactor Clarifiers 
& Dual Media 
Filtration 


Lime 
460-610 
mg/l Ca(0H)2 


11.8 


10.3 


6-7 


70-117 


0.13 


0.09 


II M 


1 -stage Reactor 
Clarifiers & Dual 
Media Filtration 


Lime 
450-715 
mg/l Ca(0H)„ 
& NagCO^ ^ 


11.6 


- 


6-7 


80-146 


0.53 


0.10 


Nassau County N.Y. ; 
H.R. Act. Sludge 
Effluent 


Single Stage 
Clarifiers & 
Dual Media 
Filtration 


200 mg/l 
Alum & 
polymer 


- 


- 


9 


H 


- 


0.10-1.0 


Dayton, Ohio 
Pilot Plant; 
Act. SI. Effl. 


Single Stage 
Clarifiers & 
Dual Media 
Filtration 


>200 mg/l 
alum & 
polymer 


- 


_ 


- 


- 


- 


0.3-0.6 



Alkalinity as mg/l CaCO^ 



tP - Total Phosphorus 



200 mg/l alum = 9 mg/l Al 



that, in general, lower and/or more consistent effluent phosphorus con- 
centrations are obtained with the single-stage or two-stage lime process 
than with alum addition. 

COSTS FOR PHOSPHORUS REMOVAL 

Costs associated with attaining effluent total phosphorus 
concentrations less than 0.3 mg/1 were estimated for the following 
phosphorus removal schemes; 

1) Aluminum or iron addition to the activated sludge 
process (Note: alum addition assumed for cost 
calculat ions) ; 

2) Same as (1), plus multi-media filtration of the secondary 
effluent; 

3) Post-secondary precipitation using lime. 

In all cases it has been assumed that a secondary treatment 
plant employing the activated sludge process already exists. Costs 
have been limited to capital and operating costs of the phosphorus removal 
system (chemical feed system) and any additional process equipment 
(effluent filter, post-secondary precipitation equipment) that is required 
to attain the phosphorus removal objective. However, it should be noted that, 
in order to arrive at the optimum phosphorus removal scheme for a particular 
wastewater treatment plant, sludge treatment and disposal costs would 
also have to be considered. 

Cost estimates for the above phosphorus removal process alter- 
natives have been based on the following design assumptions: 

a) Schemes 1 and 2 - chemical/biological 

- average total P = 6.0 mg/1 and total filterable P = 
3-6 mg/1 in influent wastewater 

(based on CCA treatability study statistics) 

- chemical requirements: 15 mg/1 Al , (based on an Al :FP 
molar rat io of A : 1 ) 

b) Scheme 3 ~ Post-precipitation 

- a high pH {>_]]) single-stage lime process with effluent 
recarbonat ion 
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- lime requirement: 500 mg/1 Ca{OH). 

Total annual costs for the aforementioned phosphorus removal 
schemes are presented in Table 6 for plant flows of 1 and 10 MIGPD. The 
capital and operating costs (July 1972, ENR = 15^.6) were obtained from 
Hazen and Sawyer (1975) and adjusted to September 1975 (ENR = 197). 
Capital costs have been amortized over 20 years at an interest rate of 
10%. 

Expressed on a basis of flow treated, the total costs range 
from a high of $216.^5 per MIG for a 1 MIGPD plant using the single-stage 
lime post-secondary process to a low of $72.83 per MIG for a 10 MIGPD 
plant using a chemical/biological process with alum addition. As would 
be expected, the costs for phosphorus removal increase as the requirement 
for capital equipment increases. For the purpose of comparison, the 
estimated cost for phosphorus removal designed to meet an effluent total 
phosphorus objective of 1 mg/1 (in the case of a 1 MIGPD plant adding 
7.5 mg/1 A1 (A1:FP molar ratio of 2.0) to the mixed liquor) would 
be approximately $38.00. Thus, as a first estimate, the costs associated 
with achieving a total phosphorus concentration less than 0.3 mg/1 in 
the effluent of an existing water pollution control plant using the activated 
sludge process could be two to five times the costs associated with 
achieving effluent total phosphorus concentrations of 1 mg/1. 

It must be emphasized that the costs presented in Table 6 are 
primarily for illustrative purposes. They should only be used for a 
relative cost comparison of the three phosphorus removal schemes under 
the assumed conditions (phosphorus concentrations, chemical dosages, etc.). 
Estimates of phosphorus removal costs at any particular water pollution 
control plant should be based on treatability study data (jar test and/or 
full scale) for that particular treatment plant. 



SUMMARY 



To achieve effluent total phosphorus concentrations less 
than 0.3 mg/l requires essentially complete conversion of 
the soluble phosphorus to particulate phosphorus, followed by 
efficient removal of the phosphorus-containing solids. Once 
the chemical requirements are established for effective 
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TABLE 6 ESTIMATED TOTAL ANNUAL COSTS TO ATTAIN <0.3 mg/1 EFFLUENT TOTAL PHOSPHORUS* 



o 



Costs 






Scheme 


1^ 


Scheme 


Z' 


Scheme 


3^ 


1 MIGD 


10 MIGD 


1 MIGD 


10 MIGD 


1 MIGD 


10 MIGD 


Capital ($) 






24,000. 


84,000. 


217,400. 


917,500. 


312,000. 


1,287,500. 


& M ($) 






25,600. 


256,000. 


41,600. 


323,850 


42,500. 


306,000. 


Amortized Cap 
@ 10% Intere 


ital 
St ($} 

Costs ($) 


2,808. 


9.828. 


25,436. 


107,348. 


36,504. 


150,638. 


Total Annual 


28,408. 


265.828. 


67,036. 


431,198. 


79.004. 


456,638. 


Cost per Mil. 


Gal 1 


[$) 


77.83 


72.83 


183.66 


118.14 


216.45 


125.11 



Scheme 1-15 mg/1 Al to activated sludge process 

Scheme 2-15 mg/1 Al to activated sludge process and secondary effluent filtration 

Scheme 3 - 500 mg/1 Ca(0H)2 to single-stage post-secondary process 

See text for assumptions 



conversion of soluble phosphorus to an insoluble form, the 
final effluent total phosphorus values are solely a function 
of solids capture in the treatment system. To obtain 
consistent effluent total phosphorus concentrations less 
than 0.3 mg/l will probably require tertiary effluent poli- 
shing via f i 1 trat ion. 

Both soluble phosphorus conversion and solid-liquid separa- 
tion processes are strongly dependent on process operating 
conditions. In the case of aluminum or iron salt addition, 
it could be advantageous to adjust the wastewater pH so as 
to optimize phosphorus precipitation and phosphorus removal 
processes. The method of adjusting the pH (excess coagulant 
and/or actd) is important, because excessive coagulant 
dosages can result in the formation of poorly settleable 
floes which cannot be effectively removed by ordinary 
sedimentation or filtration methods. In the case of lime 
addition, it will be necessary to raise the wastewater 
pH to a level at which there is sufficient calcium and 
magnesium precipitation to effect good flocculation and 
efficient solid-liquid separation. 

Because of the variability of wastewater characteristics 
and treatment plant facilities, the choice of the most 
advantageous phosphorus removal system for a particular 
treatment plant will have to be determined on a plant by 
plant basis. The relative effectiveness of the various 
chemicals commonly employed for phosphorus removal should 
be determined through treatability studies. In the case 
of alum or iron addition to the mixed liquor of a secondary 
treatment plant, more emphasis should be placed on plant 
scale studies rather than jar test studies, because jar 
tests do not reflect the enhanced phosphorus removal capabili- 
ties of the recycled chemical/biological sludge. Other 
factors that should be taken into consideration are: (i) the 
plant size, and whether or not chemical recovery is desired 
(feasible with lime for plants >10 MIGPD (Culp and Gulp, 
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1971), not economically viable with alum); (ii) whether or 
not sludge dewatering is to be practiced (lime sludges are 
easier to dewater than alum sludges); and, (iii) sludge disposal 
practices (the increase in sludge volume is less with lime 
addition than with alum or iron salt addition; however, 
alum and iron sludges are amenable to anaerobic digestion, 
while operational problems may be encountered with anaerobic 
digestion of sludge containing lime). 
k. Costs for phosphorus removal to effluent total phosphorus 
concentrations smaller than 0.3 mg/1 will depend on the 
phosphorus removal system chosen (chemical/biological or 
post-secondary process). Capital costs increase with the 
requirement for additional equipment. Estimated costs for 
the conditions assumed in this paper range from $216. 'tS 
per MIG for a I MIGPD plant using the single-stage lime 
post-secondary process (500 mg/1 Ca(OH) addition to 
secondary effluent) to $72.83 per MIG for a 10 MIGPD 
plant using the chemical/biological process (15 mg/1 Al 
addition to the aeration tanks). Any estimate of phosphorus 
removal costs for a particular wastewater treatment plant 
should, however, be developed on the basis of treatability 
study data as discussed herein. 
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INTRODUCTION 

Active research in the past few years has led to a full 
awareness of the behaviour and effects of nitrogenous materials in 
aquatic environments. The deleterious effects of nitrogen in its 
various forms have led to a significant increase in basic and applied 
research aimed at the development of practical nitrogen control pro- 
cesses. 

Ammonia removal or conversion Is required for a number of 
reasons. The biochemical oxygen demand (BOD) of municipal wastes will 
be substantially inf luenced^by the presence of ammonia. The conversion 
o f ammonia to nitrat e requires ^^ jjarts_of qxyaen f or e ach part of_. 
ammonium-nitrogen. Therefore, ammonia in the effluent at concentrations 
of 20 mg/1 as N would give a theoretical nitrogenous oxygen demand of 
92 mg/1. 

Additional reasons for ammonia nitrogen removal include: 

1) NH3 at low concentrations is toxic to fish, 

2) NH3 is corrosive to copper fittings, 

3) NH3 increases CI2 breakpoint requirements and contact 
time for adequate disinfection, and 

k) eutrophication problems are associated with high nitrogen 
eff 1 uents. 

Nitrogen control may involve either the nitrification of 
nitrogenous materials or total nitrogen removal. The latter can be 
accomplished by biological or physi cal -chemical means. The recent tAWPR 
conference proceedings (1975) entitled "Conference on Nitrogen as a 
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Water Pollutant" indicate the popularity of the biological process. 

The process of nitrification and deni tr if ication was recognized 
as occurring in wastewater treatment plants in the IS'tO's (Sawyer and 
Bradney, ig'iS; Brandon and Grindley, ]S'ik) . The simplicity of the 
process requirements and the absence of waste by-products have encouraged 
research studies in biological ni tr if ication-deni tri f ication. In the 
United States and Canada, the majority of domestic sewage treatment 
plants employ biological treatment, and biological nitrogen removal 
processes can take advantage of these existing facilities. Upgrading 
the treatment facilities to promote nitrification can eliminate the 
potential environmental problems resulting from the discharge of 
ammonia. If the resulting nitrate concentrations are not acceptable, 
den I tri f ication can be added to the treatment process. 

The efficiency of biological nitrogen removal is correlated 
to the degree of nitrification achieved. Autotrophic nitrifiers have 
lower yields and growth rates, and appear to_be^ more sensitive to 
environmental conditions than the heterotrophic deni trif iers. Con- 
sequently, nitrification probab.ly will prove to be the crucial step in 
the ni trif ication-deni trif ication process. 



BIOLOGICAL NITRIFICATION 

Principles 

Biological oxidation of inorganic nitrogen is almost entirely 
carried out In the aquatic environment by bacteria belonging to the 
family Ni trobacteraceae . The major well defined autotrophic bacteria 
which are known to oxidize ammonia to nitrite are the genera Ni trosomonas 
and Ni trosococcus . The genera Ni trobacter and Ni trocyst is have been 
shown to oxidize nitrite to nitrate. 

The autotrophic nitrifying organisms derive alltheir energy 
requirements for growth and cellular metabolism from the free energy 
released by the oxidation of an inorganic nitrogen substrate. The 
source of carbon used for growth is obtained from carbon dioxide or 
bicarbonate. The bacterial oxidation reactions of ammonium to nitrite, 
and nitrite to nitrate, can be represented by the following equations: 
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NH^"^ + 1.5 O2 ^ 2 H"^ + H2O + NO2' (1) 

NO2' + 0.5 O2 ->■ NO3' (2) 

Process design requires rate data to be expressed as parameters 
which are useful from an engineering point of view. In order to describe 
the substrate removal rate in any biological waste treatment process, an 
overall kinetic expression compatible with the fundamentals of microbiology, 
l<inetics, system hydraulics, and transport phenomena is necessary. 

For a given reaction environment, substrate removal is a 
function of the concentration of substrate (S) and active biological 
solids (X): 



^= f (x,s) (I) 

^ = KXS^ (k) 



where K is the substrate removal velocity. The unit rate of substrate 
removal can be expressed as: 



it = ''' «) 



This expression has been used by numerous authors (Wuhrmann and Mechsner, 
1965; Busch, 1971), and in fact, forms the basis for most engineering 
design work in biological treatment. The functional dependence of the 
substrate removal velocity depends on the kinetic model found applicable. 
Downing, Painter, and Knowles (196^) and Knowles, Downing, and Barrett 
(1965) used the Monod kinetic model in their rate expressions In 
analyzing nitrification results. Applying the expression to the 
ammonium oxidation by N i trosomonas , the K values determined were 
small (0.2 to 1.7 mg/1 NH3-N). 

At low K values, this model Is very close to zero-order, 
independent of substrate concentration. The zero-order nature of the 
nitrification reaction, down to very low NH3-N values, has been 
illustrated by numerous researchers (Wild, Sawyer, and McMahon, 1971; 
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Klff, 1972; Sutton, Hurphy, and Jank, 1975). It is reasonable to 
anticipate that the reaction rate will be zero-order with respect to 
substrate concentration at alt practical NH3-N levels. This is con- 
sistent with Monod kinetics at low K values. In such a situation the 

s 

unit rate of nitrification is equal to a constant, independent of 
mixing regime. 

Using reported values of actual cell yields and C5H7O2N 
as an empirical cell formula for nitrifying bacteria, Haug and McCarty 
(1972) proposed the following overall mass balances for the nitrification 
reactions : 

Ni trosomonas 

55 NHi,"^ + 5 CO2 + 76 O2 ■* 

C5H7O2N + 5^'N02~ + 52 H2O + 109 h"^ (6) 



Ni trobacter 

400 NO2" + 5 CO2 + NHt,"*" + 195 O2 + 2H2O -^ 

C5H7O2N + 400 NO3" + h"^ (7) 

On the basis of the equations, 20 mg of ammonium-nitrogen would produce ~i - -^ 
only 3 mg of Ni trosomonas and approximately 0.5 mg of Ni trobacter . I 
These yields are less than 10 percent of that normally observed for 
heterotrophic bacteria. 

The growth of microorganisms may be expressed in terms of 
their doubling or generation time. Generation times of the autotrophic ^_ 
nitrifying bacteria are in the_ra^nge of 10 to 30 hours. Generation 
times fo r he t erot rophic bacteria are frequently reported_a$ 20 to 40 
minutes. In a suspended growth or activated sludge system a direct 
consequence of the slow growth rate or long generation time of nitrifiers, 
is the requirement of a sufficient sol ids rete ntion time (SRT) or 
sludge age toj^etain an adequate population of these organism s. 
Solids retention time is a measure of the average retention time of 
the bacterial cells in the system. In an activated sludge system SRT 
is normally defined as the total mixed liquor suspended solids under 
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aaration divided by the da i ly solids^ lost in the effluent or through 
s 1 udge wast ing. 

In stating unit filterable total Kjeldahl nitrogen (TKN) 
removal rates for comparison of nitrification alternatives, it is 
necessary to state the operating solids retention time. Large differences 
in reported nitrification rates can often be attributed to the variation 
in the ratio of nitrifiers to the total microorganism population in 
the sludge. Activated sludge systems operating under similar conditions 
with equal solids retention time should contain a comparable fraction 
of ni tri f iers. 

Envi ronmental Factors 

Autotrophic nitrifying organisms are obligate aerobes. 
Numerous reports indicate that in order to ensure that dissolved 
oxygen is not a limiting factor in the nitrification reaction, a level 
not less than 2,0 mg/1 must be maintained (Wuhrmann, 1963; Painter, 
1975). The stoichiometric oxygen requirements based on equations 1 
and 2 are S.'tS mg oxygen/mg ammonium-nitrogen and I.l4 mg oxygen/mg 
nitrite-nitrogen. Jeffrey and Morgan (1959) found that oxygen uptake 
values in BOD tests for nitrification were within 2.5 percent of the 
theoretical values. 

Nitrification, like most bacterial processes, is affected by 
pH conditions. Generally, optimum conditions have been found to exist 
between pH 8.0 and 9-0 (Figure 1). Variations in pH optima could be 
due to shock effects in adjusting culture conditions or improper 
acclimation. Haug and McCarty (1972) using a submerged aerobic filter 
found that after an acclimation period of approximately 10 days the 
rate of nitrification at pH 6.0 was similar to rates within the normal 
range of operation, a pH of 7 to 8.5- 

Nitrification is a hydrogen ion producing reaction (equation 1). 
Since pH values less than 6.0 would likely affect the nitrification 
rate the alkalinity of the waste is an important consideration. 
Assuming the pH is less than 8.5, the hydrogen ions produced during 
nitrification react with the bicarbonate in the wastewater, resulting 
in an increase in CO2 concentration and a decrease in bicarbonate 
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FIGURE 1 . EFFECT OF pH ON NITRIFICATION RATE 



alkalinity according to: 

h"^ + HCO3" ^ CO2 + H2O (8) 

Based upon equations I and 8, approximately 7 nig of bicarbonate allcal ini ty , 
expressed as CaC03, are required to neutralize the hydrogen ions 
produced during the oxidation of 1 mg of ammonia-nitrogen. Calculations 
involving carbonic acid equilibria show that for wastewater with an 
alkalinity of 200 mg/l as CaC03, approximately 20 mg/1 of NH3-N could 
be oxidized before the pH dropped below 6.0 if all the CO2 produced 
remained in solution (Haug and McCarty, 1972). In most nitrifying 
reactors the CO2 is stripped from solution tending to help maintain a 
neutral pH. In operating a rotating biological contactor for carbon 
(BOD) removal-nitrification of a municipal sewage with moderate 
alkalinity (approximately 120 mg/1 as CaC03), Wilson (1975) found that 
15 to 20 mg/I NH3-N were nitrified and the pH was never less than 6.8. 
Sutton (1975) observed similar results in operating suspended growth 
carbon removal-nitrification systems. 

The process of nitrification, occurring over a range of 
approximately k to 'tS C with optima at about 35 C for Ni trosomonas 
(Buswell, Shiota, Lawrence, and Meter, 195^*) and 35 to k2 C for 
Ni trobacter (Deppe and Engel , I96O; Laudelout and van Tichelen, I960) 
has been shown to be a strong function of temperature. In a suspended 
growth nitrification system differences in the reported temperature 
sensitivity may be due to differences in reactor SRT. Increasing the 
SRT results in a decrease in the temperature sensitivity. Supported 
growth systems (trickling filter, rotating biological contactor, 
etc.), which could be expected to be operating at high SRT's, show 
reduced temperature sensitivity for nitrification (Wilson, Murphy, 
Sutton, and Jank, 1975; Huang, and Hopson, 197^). 

Nitrifying organisms, especially Ni trosomonas , are susceptible 
to a number of inhibitors which may be present in municipal and industrial 
wastewaters. A number of metals are toxic to nitrifiers but the 
concentration required to cause inhibition is dependent on the state 
of the culture. Copper, silver, mercury, nickel, chromium, and zinc 
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all may inhibit nitrification under certain conditions. Downing, 
Tomlinson, and Truesdale (196A) identified a large number of organic 
materials which caused a reduction in nitrification rates in suspended 
growth systems. Thiourea, phenol, phenolic compounds, cresol , and 
halogenated solvents were some of the potential inhibitors identified, 
)n screening the organic materials as nitrification inhibitors, 
unacci imated organisms were used and, therefore, the results may not 
reflect what actually would occur in a treatment plant. 

Nitrification Treatment Alternatives 



The process reactors available for carbon removal (BOO) - 
nitrification can be classified according to the nature of their 
biological growth. Activated sludge systems can be regarded as sus- 
pended growth reactors whereas systems in which growth occurs on, or 
within a solid media, can be termed supported growth reactors. 

The two basic process schemes available for nitrification in 
the activated sludge process are the combined sludge process and the 
separate sludge process. In the combined sludge process, carbon 
removal and nitrification are carried out using the same sludge. in 
the separate sludge process, the biological reactions are carried out 
by different microorganisms in separate reactors. In studying combined 
sludge carbon removal-nitrification, Sutton, Murphy, Jank, and Monaghan 
(1975) considered two alternatives; single and two-stage activated 
sludge systems (Figure 2). The single-stage system could be approxi- 
mated as a completely mixed reactor. The extent of mixing in the two- 
stage reactor approached that normally found in conventional activated 
sludge plants. Other combined sludge systems which can be designed to 
incorporate partial or complete nitrification Include: contact stabili- 
zation, extended aeration, step aeration and oxygen activated sludge 
plants (Brown and Caldwell, 1975). Combined sludge systems for 
carbon removal-nitrification have proven to be a viable alternative to 
the separate sludge system (Sutton, Murphy, and Jank, 1975; Lawrence 
and Brown, 1973). 

A limited number of supported growth systems have been 
utilized for carbon removal and/or nitrification including trickling 
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FIGURE 2. SEPARATE AND COMBINED SLUDGE CARBON REMOVAL 
NITRIFICATION SYSTEMS 



filters, submerged aerobic filters, and rotating biological contactors 
(Figure 3)- 

Rocks, wood slats, and plastic sheets have all been used as 
media for trickling filters. In submerged upflow packed bed reactors, 
stones, gravel, plastic and other types of media can be employed. 
Although these packed tower reactors can be designed economically for 
nitrification down to ammonia-nitrogen levels approaching 2.0 mg/1, 
removals below this are difficult to attain (Stenquist, Parker, and 
Dosh, ig?**). 

The rotating biological contactor (RBC) consists of a series 
of closely spaced discs anchored to a shaft and partially submerged in 
the wastewater. The rotation of the shaft alternately exposes the 
biological slime growing on the disc surfaces to the waste and then to 
the atmosphere. Under proper loading conditions successful carbon 
removal-nitrification can be obtained (Antonie, 197^; Wilson, Murphy, 
Sutton, and Jank, 1975). 

In addition to the nitrification process alternatives, a 
number of suspended and supported growth systems are available for 
denitri fi cat ion. 



PILOT PLANT PROGRAM 

The many biological nitrogen conversion or removal schemes 
necessitate defining the important process parameters in order to 
allow a rational design selection. With this in mind, in May 1972, an 
intensive biological ni trif ication-deni trif icat ion research program 
began at the Wastewater Technology Centre, Burlington, Ontario, Canada. 
The pilot plant program, conducted as a joint project between McMaster 
University and the Environmental Protection Service, was geared to 
providing the required engineering data so that biological nitrification 
and denitrif ication systems could be designed and operated successfully. 

To obtain the necessary design parameters for carbon removal- 
ni trif ication a 28.5 m^/day (6280 Igpd) suspended and supported growth 
pilot plant was operated (Figure A). 
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The suspended growth systems for carbon removal-ni trf f ication, 
designated as plants A and B, consisted of two plexiglass, dispersed 
air aeration tanks. Plant A contained a removable divider allowing 
either the two-stage or the single-stage combined sludge system to be 
operated in parallel with Plant B. Plant B formed the two-stage 
separate sludge system, a fixed divider separating the reactor into 
two aeration tanks, 81 and 62. 

The partially submerged rotating biological contactor operating 
in parallel with the suspended growth systems contained 36 discs with 
a total surface area of 23.2 m^ (250 f t^) , a disc length of 1.32 m 
(4.33 ft) and a hydraulic capacity of 128 litres (28 Igal). 

Further details concerning the reactor systems are presented 
elsewhere (Sutton and Jank, 1975). 

The pilot plant reactors received degritted raw municipal 
wastewater subject to normal variation in organic and inorganic con- 
centrations (Table I). In order to determine the kinetic removal rates 
used to describe the performance of the nitrification systems, the 
effluent from the reactors must contain residual filterable ammonium- 
nitrogen. When complete ammonium conversion was obtained, additional 
amounts of ammonium (NHi+Cl) were added. Bicarbonate (NaHC03) was 
added to the feed when necessary to avoid any alkalinity limitation on 
the ammonium removal rates. 



TABLE 



RAW WASTEWATER CHARACTERISTICS 



Characteristic (mg/l) 


Mean 


90^* 


COD 


325 


460 


BOO5 


120 


200 


SS 


240 


450 


Filterable NH^-N 


15 


18 


Filterable TKN 


17 


25 


Alkal inity (as CaC03) 


lis 


130 



*S0% of observations are equal to or less than stated value 
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SUSPENDED GROWTH SYSTEM 

Nitrification occurs in the activated sludge process when 
conditions are suitable for the retention and accumulation of nitrifying 
bacteria. Successful nitrification depends on adherence to a sludge 
wasting program which results in a SRT adequate to retain and prevent 
the washout of the slower growing nitrifying bacteria. The two basic 
process schemes available can be designated as: 

1) a combined sludge system in which simultaneous carbon 
removal and nitrification are carried out, and 

2) a separate sludge system in which carbon removal and 
nitrification are carried out by different microorganisms 
in separate reactors. 

The combined sludge system may be single or multi-stage, 
while the separate sludge system is normally a two-stage system. 
Provided the rate of growth of nitrifying bacteria is rapid enough to 
compensate for the organisms lost through sludge wasting, nitrification 
can be maintained. 

In this study carbon removal and nitrification efficiencies 
were obtained from three different process configurations, a single 
and two-stage combined sludge system (denoted SSC and TSC respectively), 
and a two-stage separate sludge system (TSS) . Using 2^-hour time- 
averaged sampling and parallel operation, the performance of any two 
alternatives were assessed. The alternatives were compared as to 
their effectiveness, tn terms of nitrification, under a range of 
operating temperatures and solids retention times. By control of the 
SRT and temperature, a pseudo "steady-state" (steady flow and diurnal 
influent variations in organic and inorganic concentration) operation 
point was approached. 

The three carbon removal-nitrification systems were compared 
first in terms of their ability to remove filterable TKN. The results 
from the analysis of paired data over a system sludge age range of 
four to ten days and temperature range of 5 to 25 C using a "t-test" 
indicated comparable removal of filterable TKN by the separate (TSS) 
and combined sludge systems (TSC and SSC) at equal system solids 
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retention times. While the data might appear to favour the separate 
sludge system {Figure 5), a "t" value less than the critical value 
(95^ level) for the differences (0 i values) in TKN refnoval is indicated 
in Table 2, A direct comparison between the combined sludge systems 
(TSC and SSC) was not possible. Therefore, the mean differences (6) 
in treatment observed between the SSC and TSS sludge system, and TSC 
and TSS sludge system, were examined statistically. The "t" value 
determined (Table 3) was not significant, implying that equal filterable 
TKN removal was obtained with both SSC and TSC sludge systems. 

This comparison of the combined sludge reactors allowed an 
evaluation of the effect of reactor configuration on nitrification. 
Tracer analyses indicated that the single-stage reactor (SSC) could be 
approximated as a completely mixed system whereas the two-stage system 
(TSC), equivalent to two mixed tanks in series, was closer to conditions 
characteristic of full scale basins with large length to width ratios. 
The lacl< of difference in filterable TKN removal in the two combined 
sludge systems (Table 3), with substantially different mixing regimes, 
supports the "zero-order" nature of the nitrification reaction to very 
low filterable TKN or NHj-N values (Wild, Sawyer, and McMahon, 1971; 
Downing, Painter, and Knowles, 196^). 



TABLE 2. DIFFERENCE IN TKN REMOVAL IN SEPARATE AND COMBINED 
SLUDGE SYSTEMS 



Pai red 


Data 




$2 
D ^D * 

n 


t 
a = .95 


TSS vs 


SSC 




0.60 0.57 0.79 


].7k 


TSS vs 


TSC 




1.16 O.'*'* 1.52 


1.72 


Note: 


'I 

n 


= 


estimated variance of D, where 






'I 


= 


E (Di-D)2, and 
n-1 


I 
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= 


number of paired data points 






t; 
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t 




S,/(n)''^ 
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A further analysis of paired data suggested that the combined 
sludge system produced a better settling sludge (Figure 6). Statistical 
verification suggested that a real difference may not exist (Sutton, 
Murphy, and Jank, 1975). The mean clarifier effluent suspended solids 
concentration from both systems was 24 mg/1 (Figure 7). This is typical 
of suspended growth systems of long SRT's. 



TABLE 3. DIFFERENCE IN TKN REMOVAL IN SINGLE-STAGE AND 
TWO-STAGE COMBINED SLUDGE SYSTEMS 



System 
to 


Compa r 
TSS 


-ed 5 


'I 


t 

a = .95 


SSC 




B(J 


10.82 

0.56 


1.68 


TSC 




1.16 


9.67 




Note: 


'I - 


1 (Di-D)2 
n-1 








n 


number of paired data points 






t 


^sc - ^SSC 

S , 1 + I , 
P L 1 

"tsc "ssc 


, where 


■ 




S2 = 
P 


pooled variance 


^°' "tsc-'^ssc 








"tsc ^^d tsc^ ^ 


"ssc ^^d ssc> 








"tsc "" "ssc 





In certain Instances, nitrification without subsequent 
deni trif ication may be required. In such cases, it is likely that a 
TKN limit will be specified. Even with complete nitrification, the 
clarified effluent can be expected to contain a small quantity of 
filterable organic nitrogen. This Is probably associated with metabolic 
by-products. Current studies indicate filterable organic nitrogen 
concentrations averaging 0.8 to 0.9 mg/1. In addition, the clarified 
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effluent will contain 1.0 mg/1 non-filterable TKN {Figure 8) caused by 
the presence of suspended solids as indicated in Figure 7. 

The growth rate of Ni trosomonas and consequent rate of NH3-N 
utilization has been reported to be a strong function of temperature 
{Knowles, Downing, and Barrett, 1965; Wild, Sawyer, and McMahon, 
1971). For many reactions, the variation of rate with temperature may 
be represented by an Arrhenius relationship. This relationship can be 
written as: 



K = Ae"^^"^"^ (9) 



where 



K = reaction rate constant (hr'M 

A = frequency factor 

E = activation energy (cal g-mole~^) 

R = universal gas constant (cal g-mole~^ K"^) 

T = temperature ( K) 

An analysis of variance indicated no lack of fit when the linearized 
form of the model was applied either to the separate or combined 
sludge system rate data over a range of 5° to 25°C at each individual 
system solids retention time of four, seven and ten days. The Arrhenius 
models (Table 4) for the separate and combined sludge data are illus- 
trated in Figures 9, 10 and 11, together with the models for the 
nitrification reactor (B2) of the separate sludge system (Plant B) . A 
system solids retention time of four, seven and ten days in the separate 
sludge system corresponds to values of six, ten and fifteen days in 
the nitrification reactor. The decrease in activation energy (E) with 
increased solids retention time indicates reduced temperature sen- 
sitivity at high SRT values (Table 4). The decrease may be caused by 
different relative changes in the nitrifying population present for a 
given temperature change for systems at different sludge ages. The 
importance of defining the system SRT in stating nitrification rates 
is illustrated by the variation in the Arrhenius parameter values 
(Table 4). The difference in rates observed by other authors (Figure 
12) may be due to differences in SRT. 
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TABLE k. NITRIFICATION RATE VARIATION WITH TEMPERATURE IN SUSPENDED 
GROWTH SYSTEMS 



Reactor Configuration 


Temp . 
Range 

Lr 


Arrhenius Mod 


ei Parameters 


E 
cal/g-mole 


* 


Carbon Removal- 










Nitr if (Cation System 










Separate Sludge 

k day SRT 

7 day SRT 

10 day SRT 


5-25 
5-25 
5-25 


26,300 
20,000 
15,250 


'4.75 X 
6.60 X. 
2.37 X 


1018 
1013 

ioio 


Combined Sludge 

i) day SRT 

7 day SRT 

10 day SRT 


5-25 
5-25 
5-25 


2i*,500 
21 ,250 
12,280 


1.22 X 
2.89 X 
6.32 X 


10^7 

loi'* 

10^ 


Nitrification System 










6 day SRT 
10 day SRT 
15 day SRT 


6-25 
6-25 
6-25 


32,950 
24,900 
17,^50 


6.75 X 
it.52 X 
1.33 X 


10^3 
1017 
1012 



Significant changes in raw wastewater pH are encoiintered 
periodically at municipal treatment plants receiving quantities of 
Industrial wastes. Variations in temperature may be anticipated in 
treatment facilities in continental climates. The reported sensitivity 
of nitrification to temperature and pH (Wild, Sawyer, and McMahon, 
1971) emphasizes the importance of defining the tolerance of such 
systems to changes in these factors. Parallel operation afforded a 
direct qualitative comparison of the response and recovery profiles of 
the separate sludge and single-stage combined sludge systems. The 
reactors were subjected to a step-down in temperature (15 to 10 C) and 
a reduction in pH (HCl ) by adjustment of the influent conditions. 
Previous to each experiment, both were operated at solids retention 
times of three to four days and at a temperature of approximately 15 C 
(conditions critical for nitrification) to ensure measurable responses 
would be observed. 
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A slower response to a step-down in temperature is indicated 
(Figure 13) for the separate sludge system. The approach by this 
system to TKN values predicted from pseudo "steady-state" results 
lagged behind the combined sludge system. The minimum attainable 
filterable TKN concentrations from the combined and separate sludge 
systems are 0.9 and 0.8 mg/1 respectively. This corresponds to complete 
ammonia-nitrogen conversion. The change in effluent filterable COD 
concentration further indicated that for the separate sludge system 
there was a reduced response to changes in temperature. 

The response to a reduction in feed pH was a significant 
change in effluent pH, and filterable TKN concentration (Figure ]k) . 
The separate sludge system exhibited a buffering capacity to a change 
in system pH which is reflected by the lag in response and recovery in 
terms of filterable effluent TKN concentration. This might be explained 
by the difference in system hydraulics. The nitrifying reactor (B2) , 
of the separate sludge system exhibited a pH profile (Figure 1^) 
having a greater magnitude and a shorter duration than that of the 
combined sludge reactor. The "predicted" increased effluent filterable 
TKN reflects the loss in reactor volatile solids caused by decreased 
settleabi 1 i ty . The observed effluent filterable COD concentrations 
(Figure I't) indicate the reduced effect of the toxic conditions on the 
separate sludge system. 

Any advantages of the separate sludge system such as a 
reduced response to changes In temperature must be balanced against 
the additional cost of added clarification facilities and increased 
solids production. The solids production from the parallel operating 
alternatives was assessed by determining the cumulative solids wasted 
during a pseudo "steady-state" operating period (Sutton, Murphy, Jank, 
and Monaghan, 1975). An average of 1 . 6 kg of solids was wasted from 
the separate sludge system for every I kg wasted from the combined 
system (Figure 15). 
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SUPPORTED GROWTH SYSTEM 

Although the rotating biological contactor (RBC) has recently 
received attention for carbon removal and nitrification, little infor- 
mation exists to allow a comprehensive comparison of the system to 
suspended growth reactors. To define the specific capabilities of the 
system a significant amount of operational and kinetic data, over a 
temperature range of 7 to 25 C has been gathered under conditions that 
afford direct and sensitive comparisons. 

The zero-order nature of the nitrification reaction, with 
respect to NHg-N concentration, allowed a simple reaction rate expression 
to be employed in the suspended growth systems. In supported growth 
systems the influence of diffusion, and therefore substrate concentration, 
would logically play an important role in determining reaction kinetics. 
Harremoes and Reimer (1975) proposed half-order kinetics to describe 
deni tr i f ication rates In a packed column. Haug and McCarty (1972) 
showed that the relationship between ammonia removal and substrate 
concentration in a submerged aerobic nitrification packed column was 
approximately first-order. Torpey, Heukelekian, Kaplovsky, and Epstein 
(1972) found a zero-order dependence In studying nitrification with a 
RBC. 

To determine the removal rate expressions for half and 
first-order kinetics a hydraulic model is required. Although the 
pilot plant RBC was composed of four compartments in series, tracer 
analyses revealed that a model of two equal sized completely mixed 
tanks (CSTR's) more adequately described the actual flow conditions 
(Figure 16). Expressing the nitrification rate as filterable TKN 
removed per unit surface area of disc, attempts were made to fit zero, 
half, and first-order kinetic expressions. For the data obtained in 
this study the simple zero-order model adequately described the results 
(Wilson, Murphy, Sutton, and Jank, 1975)- The lack of rate concentration 
dependency (zero-order) is clearly demonstrated for the 20 C experimental 
conditions (Figure 17). 

Operating the RBC over a temperature range of 7 to 25 C and 
at a carbon loading between 6 and 12 g BODj/m^.day (1.22 and 2.45 lb 
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BOD5/IOOO ft^'day), an Arrhenius nrodel successfully described the 
temperature dependency of nitrification (Figure 18). The value of the 
activation energy (E) suggests a temperature sensitivity comparable to 
a suspended growth system with a SRT of 10 days (Figure 19)- 

A volumetric comparison provides an opportunity to compare 
the filterable TKN removal efficiency in the suspended and supported 
growth systems. Based on the volume of disc media an advantage is 
evident for the suspended growth system (Table 5). Another method of 
expressing the comparison is in terms of the volatile suspended solids 
(MLVSS) required in the suspended growth system in order to achieve a 
removal rate equivalent to that of the RBC (Table 5). 

TABLE 5. VOLUMETRIC REMOVAL EFFICIENCY IN SUSPENDED AND SUPPORTED 
NITRIFICATION SYSTEMS AT 20°C 



Nitrification Volumetric Removal Equivalent MLVSS 
System g filterable TKN/m^*day mg/1 



Combined Sludge 
SRT =10 days 
(MLVSS = 2500 mg/l) 110 

RBC-V 92 2091 



"Removal based on volume of disc media 

Recognition of the heat transfer properties of the RBC 
necessitated the installation of a temperature control system for the 
air above the discs in order to maintain the experimental temperature 
level. This allowed heat losses to be measured for a variety of waste- 
water and ambient air conditions leading to development of the following 
model to describe the heat transfer process (Wilson, 1975) : 

Q = VC (T. - T J = KAt (T - T . ) (10) 
p m out ave air 

where Q = heat transfer in the RBC (kcal hr~^) 
V = liquid volume of RBC (1) 



C = specific heat of wastewater (kcal 1 
T. = influent wastewater temperature ( C) 
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T ^ = effluent wastewater temperature ( C) 
out 

T = (T. + T J/2 
ave in out 

T . = air temperature ( C) 
air ^ 

A = disc surface area (m^) 

t = hydraulic detention time of wastewater (hr) 

K = heat transfer coefficient (kcal m'^ c~^ hr~^) 

This expression states that the rate of heat transfer between the 
wastewater in the RBC and the air above the discs is directly proportional 
to the total surface area of the discs and the mean temperature driving 
force between the wastewater and the air. Figure 20 i s a graphical 
representation of equation 10 when the ambient air temperature is zero 

C. It shows the expected change In wastewater temperature for different 
conditions of influent temperature and hydraulic flow. The results 
indicate the necessity for providing a protective environment in areas 
where winter temperatures could lower the wastewater temperature 
sufficiently to cause severe decreases in biological activity. 



DESIGN CONSIDERATIONS 

Biological carbon removal -nitrification has been shown to be 
feasible employing suspended or supported growth systems under all 
temperature conditions normally encountered in municipal wastewater 
treatment. In designing nitrification systems the temperature, pH, 
alkalinity, and the presence of potential inhibitors will affect 
removal rates. Adequate dissolved oxygen (greater than 2.0 mg/1) and 
sufficient solids retention time must be maintained within the process 
reactor to ensure that nitrification will occur. 

In designing for nitrification in suspended or supported 
growth systems specific considerations are necessary. 

Suspended Growth Systems 

I. For nitrogen levels commonly found in domestic wastewater, 
the rate of nitrification, expressed as the filterable TKN 
removed per unit mass of activated sludge, is independent of 
the concentration of filterable TKN. 
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1;» No significant difference in filterable TKN removal or 

temperature sensitivity may be expected between systems with 
separate nitrifying sludges compared to combined carbon 
removal-nitrification sludges under similar operating con- 
ditions (i.e. temperature, solids retention time, etc.). 

J. Nitrification can be accomplished over a range of solids 

retention times with temperature sensitivity decreasing with 
increasing SRT. 

4. No appreciable difference in settleabi I i ty was evident 

between the combined and separate nitrifying sludge systems. 
Even with complete nitrification, slightly less than 1 mg/1 
of filterable organic nitrogen together with an average of 1 
mg/1 of TKN may be expected in the suspended fraction of the 
ef f I uent. 

:p. For a step-down in temperature, the increase in effluent 
filterable TKN concentration for a separate sludge system 
will be considerably slower than that of a combined sludge 
system. 

;§. A pulse change in influent pH will cause a lower reactor pH, 
but of shorter duration, in a separate sludge system. The 
accompanying increase in effluent concentration of both 
filterable TKN and COD will be less. 

|, A significantly higher quantity of sludge will be produced 
from a separate sludge carbon removal -ni tri ft cat Ion system 
than from a combined sludge system. 

Supported Growth System 

1. The rate of nitrification in the RBC is independent of 

concentration of filterable TKN and can be expressed as a 

function of the disc surface area within the limits of BOD5 

and filterable TKN loadings in this study. 
Jt;, The temperature sensitivity of nitrification in the RBC is 

comparable to combined sludge carbon removal -ni tri ft cat ion 

systems at high SRT's. 
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3. In cold climates wastewater cooling as a result of heat 

transfer between the RBC and the atmosphere will be significant. 
The resulting effect on efficiency will necessitate either 
the installation of the RBC's in a partially heated building, 
or the placement of covers on all units. 
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INTRODUCTION 

Several potential environmental problems resulting from the 
discharge of ammonia can be eliminated by upgrading existing biological 
treatment facilities to pronxjte nitrification. Deleterious effects 
associated with the resulting nitrate-nitrogen may require installation 
of facilities for deni tr i f ication. Infant cyanosis is a serious 
problem resulting from high concentrations of nitrate In drinking 
water. Nitrification alone does not eliminate eutrophlcat ion problems 
associated with high nitrogen wastewater effluents. Industrial water 
reuse may be affected by high nitrate levels. 

Biological deni tr i f icat ion is achieved under anaerobic 
conditions by heterotrophic microorganisms that utilize nitrate as a 
hydrogen acceptor when an organic energy source is available. A wide 
variety of common facultative bacteria such as Pseudomonas , Micrococcus , 
Achromobacter , Spi r i 1 lum and Baci 1 I us have been reported to accomplish 
deni trif ication {Delwiche, 1956). 



BIOLOGICAL DENITRIFICATION 

Principles 

The reduction of nitrate occurs through a series of com- 
plicated enzyme catalyzed reactions which can follow either the 
assimilatory or di ssimi latory route. In assimilatory deni trif ication, 
nitrate is reduced to ammonia that Is used in cell synthesis. In 
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dissimi latory denitrif ication, in the absence of molecular O2, njtrate 
serves as the hydrogen acceptor in the oxidation of the carbon substrate, 
producing energy for cell growttv^ The gaseous end products of the 
reaction are principally dinltrogen (N2). 

In oxygen respiration the same series of reversible enzymatic 
reactions are involved in transferring electrons from organic substrates 
to molecular oxygen. Only a different terminal enzyme is required for 
nitrate respiration and this is formed by the bacteria in the absence 
of oxygen. Consequently nitrate dissimilation is inhibited by oxygen. 
The occurrence of denitrif ication under aer obic conditions, a s reported 
by some researchers (Myers and Matsen, 1955; Schmidt and Kampf, 1962), 
is most likely due to a dissolved oxygen gradient across the bacterial 
f 1 oc ._ 

In wastewater treatment, deni trif ication normally will 
follow the processes of carbon removal and nitrification. Therefore, 
the residual carbon will not be of sufficient concentration, nor in a 
readily usable form for use by the denitrifying population as an 
organic carbon and energy source. The carbon and energy source may be 
provided Internally by by-passing part of the raw sewage to the de- 
ni trif Ication reactor or by the endogenous respiration of the sludge, 
or externally by the addition of a carbon and energy source. The use 
of raw sewage has an obvious economic advantage but results in ammonia 
appearing In the effluent from the denitrif ication system, Deni tri ficat ion 
utilizing the endogenous respiration of sludge Is feasible but the 
reaction rates obtained are approximately 25 percent of the rates 
found with systems utilizing external carbon and energy sources 
(Sutton, Murphy, and Jank, 1975)- Various organic materials such as 
sugar, acetic acid, and acetone have been found satisfactory as external 
electron donors but methanol appears to be the optimum choice (McCarty, 
Beck, and St. Amant, 1969)- An attractive alternative to methanol may 
be carbon-rich industrial wastes such as starch, sugar, and brewery 
production waste effluents. 

If deni trif ication is considered to be a two-step process 
with methanol as the carbon and energy source the following reactions 
can be written: 

i_ tJ^^^ P_g^vgk£V 5'>^-^- 2il 






Step 1 : 

NO3 + 1/3 CH3OH -»► NO2 + 1/3 CO2 + 2/3 H2O (1) 

Step 2: 

NO2 + 1/2 CH3OH -»- 1/2 K2 + 1/2 CO2 + 1/2 H2O + oh" (2) 

Overal 1 : 

NO3 + 5/6 CH3OH ->- 1/2 Ng + 5/6 CO2 + 7/6 H2O + oh" (3) 

In addition to the methanol required for nitrate dissimilation 
(Equation 3), an amount is necessary for bscteriat growth. An overall 
mass balance which considers this requirement is as follows (McCarty, 
1973): 

CH3OH + 0.92 NO3 + 0.92 H* ^ 

0.06 C5H7O2N + o.iii N2 + 0.7 CO2 + 2.25 H20 w 



On the basis of this equation, 20 mg of NO3-N would require 19 mg of 
CH3OH-C and would produce 10.5 mg of bacteria. Deni tri f icat ion studies 
have determined that the actual methanol requirement and biomass 
production can be estimated from the following relationship (McCarty, 
Beck, and St. Amant, 1969): 

Methanol requirement: 

C = 2.1t7 N + 1.53 Ni + 0.87 D (5) 

moo 

Biomass production: 

C. = 0.53 N + 0.32 Ni + 0.19 D (6) 

boo 

where: C = required methanol (mg/l), 
C. = biomass production (mg/l), 
N = initial NO3-N concentration (mg/l), 
Nj = initial NO2-N concentration (mg/l), and 
D = the dissolved oxygen concentration in the 
wastewater entering the system (mg/l). 

A number of researchers (Stensel , Loehr, and Lawrence, 1973; Sutton, 
Murphy, and Dawson, 197^*) have obtained experimental results which 
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verify that these expressions provide reasonable estimates of methanol 
requirements and blomass production. 

In deni tri f Icat ion, carbon and nitrate are the important 
substrates involved in the biological reaction. Numerous researchers 
have shown that the denl tri f icat ion rate is independent of nitrate 
concentration (zero-order) down to values of less than 1.0 mg/1 NO3-N 
in suspended growth reactors {Moore and Schroeder, 1970; Murphy and 
Sutton, 197^*). In supported growth systems both zero-order (Requa and 
Schroeder, 1973; Sutton, Murphy, and Dawson, 1975) and half-order 
(Harremoes, 1975) nitrate concentration dependencies have been reported. 
No deni tri f icat ion rate dependence on carbon concentration will be 
observed if an external source is supplied in excess of the amount 
required to meet the needs of cell synthesis and nitrate reduction. 
If the desire is to maximize the reaction rate and hence minimize 
reactor size, then the deni trif ication process must be operated under 
conditions where carbon concentration is not limiting. 

Environmental Factors 

Reduced deni tri f icat ion rates in the presence of dissolved 
oxygen can be accounted for by the effect of oxygen on the formation 
of necessary enzymes, or activity of preformed enzymes, required for 
dissimi latory deni tri f ication (Chang and Morris, 1962). Although 
deni tr If icat ion will be observed In systems at low oxygen tension, a 
completely separate anaerobic reactor will maximize nitrate reduction 
(Painter, 1975). 

The optimum pH for den i tri f icat Ion is usually reported at 
conditions near neutrality (Dawson and Murphy, 1973). Nitrate dis- 
similation is a basic reaction (Equation h) with hydrogen Ion con- 
sumption tending to raise the pH. When used together with nitrification, 
the ni tri f icat ion-deni tri f ication sequence tends to maintain a neutral 
pH. 

Deni tri f Ication is reported to occur over a temperature 
range from 0°C to 50°c with an optimum approaching '(O^c (Chrlstensen 
and Harremoes, 1975). There is good agreement between authors 
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concerning the degree of temperature sensitivity over the range 
normally encountered in municipal wastewater treatment (Figure 1). An 
extensive list of values for various coefficients normally used to 
express the reaction rate and temperature dependency in biological 
systems is presented elsewhere (Sutton, Murphy, and Dawson, 197^). 

In biological nitri f icat ion-denitrif ication the autotrophic 
nitrifiers are more sensitive to environmental conditions than the 
heterotrophic denLtrif l^rs. Ensuring that there are no toxicants in 
the wastewater limiting the nitrification rate, will also ensure that 
the deni trif ication process will be unaffected. 

Oenitr if ication Treatment Alternatives 



Deni tri f icat ion can be achieved in suspended and supported 
growth reactors. 

In suspended growth reactors deni trif icat ion can be obtained 
with a separate denitrifying sludge or using the same sludge which 
provided carbon removal and/or nitrification. Wuhrmann (196'») and 
Christensen, Harremoes, and Jensen (1975) have obtained high nitrogen 
removals in a single sludge system (Figure 2) using an internal carbon 
source. Mulbarger (1971) investigated combined sludge ni tri f ication- 
deni trif ication preceded by separate sludge carbon or BOD removal 
(Figure 2). 

A unique combined sludge system involving carbon removal- 
deni trif ication followed by nitrification (Figure 3) was first studied 
by Ludzack and Ettinger (1962). In order to promote high nitrogen 
removal in this system a large degree of mixed liquor recycle must be 
maintained. 

Recently the oxidation ditch has received attention as a 
combined sludge nitrogen removal process (Matsche and Spatzierer, 
1975). The aeration rotors (Figure '*) induce cycling of the mixed 
liquor creating aerobic and anaerobic zones and consequently promoting 
nitrification and deni tri f ication. Another suspended growth system 
proposed for carbon removal-nitrification and deni trif icat ion is the 
alternating denitri f icat ion-nitri f icat ion process (Barnard, 197^)- 
According to the author, the scheme consists of a series of anaerobic 
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and aerobic basins (Figure k) in which both nitrogen and phosphorus 
removal occur without chemical addition. 

Together with other proposed combined siudge systems utilizing 
internal carbon sources, the aforementioned process schemes have not 
shown consistent, high nitrogen removal. This, together with reported 
low reaction rates (Barnard, 197^; Chrlstensen, Harremoes, and Jensen, 
1975) and corresponding long reactor detention times, may limit their 
appl icatlon. 

To date, separate sludge denl tr i f ication with the addition 
of an external carbon source has proven to be the most reliable nitrate 
removal system (Brown and Caldwell, 1975). High reaction rates and 
consistent performance have been reported by numerous authors (Mulbarger, 
1971 ; Horstkotte, Niles, Parker, and Caldwell, 197^; Murphy and Sutton, 
197A). 

An optimal suspended growth system for nitrogen removal 
results when the separate sludge deni tri fi cation reactor is preceded 
by a separate (Figure 5) or combined sludge carbon removal ~ni tri f ication 
system. 

A number of supported growth reactors consisting of columns 
containing different types of packed media are available for biological 
deni trif ication (Figure 6), The column systems generally fall into 
one of the following categories: 

1) fixed bed upflow reactors with porous media of varying 
size exhibiting minor pressure gradients, 

2) expanded bed upflow reactors exhibiting a constant 
pressure gradient, and 

3) fixed bed downflow or upflow reactors exhibiting an 
increasing pressure gradient necessitating backwashing 
or flushing. 

The column reactors of the first category have shown significant but 
variable nitrate removal (Wilson, 1975; Sutton, Murphy, and Dawson, 
197^). Although only a limited quantity of design information is 
available, the expanded bed and pressure filters appear to be acceptable 
supported growth systems for deni tri ficat ion (Jeris, Beer, and Mueller, 
197't; English, Carry, Masse, Pitkin, and Dryden, 197't). 
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The rotating biological contactor can be employed for 
denitr if ication (Figure 6) by submerging the rotating discs below the 
liquid level to minimize oxygen transfer and maintain anaerobic con- 
ditions within the biological film. Preliminary results indicate 
significant nitrate removals are possible (Wilson, Murphy, Sutton, and 
Jank, 1975). 

DEN I TRIP I CAT I ON PjLOT PLANT PROGRAM 

In May 1972, an intensive biological ni tri ficat lon-denltri f ication 
research program began at the Wastewater Technology Centre, Burlington, 
Ontario, Canada. The pilot plant program was a joint project between 
McMaster University and the Environmental Protection Service. Design 
information was obtained for suspended and supported growth systems 
through operation of a 19.6 m^/day (^320 Igpd) denl tr I f ication pilot 
plant (Figure 7) . 

The suspended growth deni trif ication system consisted of an 
anaerobic mixing tank followed by a dispersed air aeration, sludge 
stabilization tank and clarifier. 

The supported growth system, packed columns or upflow 
filters for deni tr If ication, consisted of units containing either 
ceramic Intalox saddles or plastic Pall rings. The Intalox saddles 
investigated were 0.95 cm (0.375 in) and 1.27 cm (0.5 In) providing 
surface areas of 787 and 623 m^/m^ (Z^tO and 190 ft^/ft^) respectively 
with porosities of 78 and 70 percent. The series of three Intalox 
packed columns (Figure 7) had a total empty bed detention time of 2't 
minutes at a feed rate of 2.3 1/min (0.5 igpm). A total of six 
columns were available, thus allowing the two different Intalox saddle 
sizes to be investigated simultaneously. The Pall rings investigated 
were 2.5*+ cm and 5.08 cm providing surface areas of 207 and 102 m^/m^ 
(63 and 31 ft^/ft^) respectively and porosities of 90 and 92 percent. 
The two Pall ring columns (Figure 7) each had an empty bed detention 
time of approximately 76 minutes at the applied hydraulic loading of 
2.3 1/min (0.5 Igpm). Further details concerning the reactor systems 
are presented elsewhere (Sutton and Jank, 1975)- 
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The denitr I f ication pilot plant reactors received nitrified 
secondary effluent. The geometric mean values for nitrate plus 
nitrite-nitrogen and suspended solids concentrations were 10 and 3A 
mg/1 respectively, (Figures 8 and 9). 

In order to determine the kinetic removal rates used to 
describe the performance of the systems, the effluent from the reactors 
must contain residual nitrate-nitrogen. When complete nitrate removal 
was obtained, additional amounts of nitrate (KNO3) were added. To 
avoid any carbon limitation on the nitrate removal rate, methanol was 
added to the influent of the denitrif ication reactors. 

In addition to the above studies current investigations 
include studies of; 

1) a supported growth rotating biological contactor for 
denitr if icat ion, 

2) a supported growth downflow sand filter for deni tri f ication, 
and, 

3) an upflow supported growth expanded bed contactor for 
deni tr if icat ion. 



SUSPEMDED GROWTH SYSTEMS 

Deni trif ication rates were obtained during continuous 
operation of the separate sludge reactor at SRT's of three, six and 



nine days over a temperature range of 5 to 25 C. In addition, batch 
rate data was obtained at three and six day SRI levels. 

The independence of the deni tri f ication rate and nitrate 
plus nitrite concentration in suspended growth systems has been shown 
by numerous authors (Sutton, Murphy, and Dawson, IS?'*; Moore and 
Schroeder, 1970). The zero-order nature of the reaction allows use of 
a simple unit deni trif ication rate expression. 

Describing the variation of rate with temperature by an 
Arrhenius expression, an analysis of variance indicated no lack of fit 
when this modelling procedure was applied either to the individual or 
combined batch and continuous rate data (Murphy and Sutton, 197'*). As 
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a result, rates determined from batch stirred reactor studies can be 
used to predict the continuous results at the same SRT. The Arrhenius 
expressions found appropriate to describe the three and six day SRT 
rates are illustrated in Figure 10, together with the nine day SRT 
models. The activation energy parameter values (E) indicate no apparent 
difference in the variation of rate with temperature for the con- 
tinuous results over the SRT range investigated (Table 1). It has 
been shown statistically that for all practical purposes a common 
temperature and rate dependency exists for deni tri f Ication over a SRT 
range of three to nine days (Sutton, Murphy, and Jank, 1975). Com- 
parable results derived at other locations (Figure 11) support this 
contention. 



TABLE 1. DENITRIFICATION RATE VARIATION WITH TEMPERATURE IN 
SUSPENDED GROWTH SYSTEMS 



Reactor Configuration 


Temp. 
Range 


Arrhenius Model Parameters 


E 
cal/g-mole 


A 


Batch 

3 day SRT 
6 day SRT 


6-25 
6-25 


20,itOO 
13.900 


i(.78 x 10^'* 
it. 78 X 10^ 


Cont inuous 
3 day SRT 
6 day SRT 
9 day SRT 


6-25 
6-25 
6-25 


12,900 
15,900 
15,650 


8.76 X 10^ 
1.08 X 10^^ 
8.76 X 10^0 


Batch plus Continuous 
3 day SRT 
6 day SRT 


6-25 
6-25 


15,300 
15.900 


5.42 X 10^° 
1.15 X 10^1 



The rates obtained with the separate sludge system are 
approximately four times greater than corresponding combined sludge 
values determined by Barnard (197'*)- 

To optimize the deni tri ficat ion process, methanol was supplied 
in excess as an external carbon and energy source. An aerobic stabili- 
zation chamber (Figure 7) was operated during part of the experimental 
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period to reduce the methanol residual resulting from overdosing. 
Using a chromatographic technique to measure methanol, an effective 
reduction was observed across the aerated unit. The mean methanol 
concentration was reduced from 6 mg/1 to less than ] mg/1 CH3OH-C 
(Figure 12) considerably reducing any chance of secondary pollution. 
The detention time in the aeration chamber was 30 minutes, considerably 
less than that utilized by Horstitotte, Niies, Parker, and Caldwell 
(1974). 

The release of nitrogen gas from solution following de- 
nitrification can affect sludge settleabi I i ty. The aerobic stabilization 
chamber reduced the mean clarifier effluent suspended solids con- 
centration from k] to 25 mg/1 (Figure 13)- No decrease In the rate of 
denitr if ication was observed when the stabilization chamber was 
incorporated into the process. 

If a total nitrogen limit is to be met, the nitrogen content 
of the suspended solids may contribute substantially. With complete 
nitrification-denitrif ication and 30 minutes aerobic stabilization, a 
mean effluent concentration of 1.2 mg/1 total Kjeldahl nitrogen could 
be anticipated (Figure l**). 

SUPPORTED GROWTH SYSTEMS 

The column reactors investigated through several months of 
pilot plant operation in this study (Figure 7) can be categorized as 
fixed bed upflow reactors with porous media, exhibiting minor pressure 
gradients. The columns containing Pall rings never developed pressure 
drops above the static heads of the reactors, while limited increases 
in pressure for the Intalox saddle columns necessitated occasional 
flushing. 

In order to develop a nitrate removal rate expression for 
the column systems, knowledge of the hydraulic flow pattern is required. 
Following start-up of the columns, the hydraulic pattern changed from 
essentially one of plug flow to a situation where a great deal of 
short circuiting was occurring (Figure 15). This non-ideal flow 
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condition was characteristic of the Pall ring and Intalox saddle 
packed columns. In an attempt to restore the ideal hydraulic con- 
ditions and to reduce the minor pressure gradients in the Intalox 
saddle packed columns, occasional flushing was necessary. This 
practice reduced the pressure gradients but short circuiting remained 
a problem in both the Intalox saddle and Pall ring packed columns 
(Figure l6) . 

The non-steady hydraulic condition complicates the develop- 
ment of a mechanistic model to describe nitrate removal in the column 
reactors. A simple zero-order kinetic model was found appropriate to 
describe the rate variation with nitrate concentration (Sutton, Murphy, 
and Dawson, 197^). Plotting the surface nitrate removal against 
theoretical detention time, based on packing porosity, a surface 
removal rate was determined over a temperature range of 5 to 25 C 
for the Intalox saddle packed columns. This procedure is illustrated 
in Figure 17 for the 20 C expreimental conditions. For the Pall ring 
packed columns a dependence on surface area was not found and removal 
rates were calculated based on volumetric removal (Wilson, 1975). 

To describe the temperature dependency of the packed column 
removal rates, the Arrhenius model was fitted to the data. Unlike the 
rate data from the other nitrification and den i t r i f i cat ion systems the 
rates determined for the packed columns at each temperature did not 
have equal variance. Consequently, a linear least squares fit of the 
removal rates to a linearized form of the Arrhenius equation was not 
valid. A weighted non-linear least squares technique was used and the 
weighting factor used was the estimated variance of the removal rate 
at each temperature. The resulting Arrhenius models (Figures l8 and 
19) show a large removal rate variability for both Intalox saddle and 
Pail ring packed column reactors. The value of the activation energy 
(E) for the packed column models suggests a reduced temperature sen- 
sitivity in comparison to the suspended growth deni t r i f icat ion system 
(Figure 20) . 

One advantage of packed column reactors often cited is that 
a final solids separation step is not required. Although this may be 
true for packed column reactors exhibiting significant pressure 
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gradients it does not appear to be true for the columns investigated 
in this study (Figure 21). 

A submerged RBC is presently being operated as a deni trif ication 
process. This system is identical to the carbon removal -n i tri fi cat ion 
RBC except that the rotating discs are submerged below the liquid 
level to help maintain an anaerobic condition for the denitrifying 
microorganisms. Preliminary results indicate that significant nitrate 
plus nitrite removals are possible (Figure 22). 

A volumetric efficiency comparison of the suspended and 
supported growth systems indicates an advantage for the suspended 
growth system (Table 2). 

TABLE 2. VOLUMETRIC REMOVAL EFFICIENCY IN SUSPENDED AND 

SUPPORTED GROWTH DEN ITRI F ICATION SYSTEMS AT 20°C 



Deni trif ication 


Volumetric Removal 


Equ 


valent MLVSS 


System g 


NO3 


+ 


NO2- N/m3 


•day 




mg/1 


Suspended Growth 














SRT = 9 days 
(MLVSS = 2500 mg/1) 






^.66 






^~"~ ~ 


Supported Growth- 














Packed Columns: 














Pall Rings 
Z.S't cm 
5.08 cm 






398 

398 






2140 
2140 


Intalox Saddles 
0.95 cm 
1.27 cm 






300 
238 






1612 
1277 



•Removal based on volume occupied by the media 



DEN I TRIF I CAT ION DESIGN CONSIDERATIONS 

As a final biological nitrogen removal step, suspended or 
supported growth denitri f ication systems can be designed for treatment 
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of nitrified municipal wastewater effluents. Removal rates will be 
affected by the temperature, pH, and dissolved oxygen levels in tiie 
process reactor. 

In designing suspended or supported growth deni tri f icat ion 
systems, specific considerations are required. These considerations 
apply to systems receiving an external carbon source to maximize the 
denltr I f Icatlon rate. 

Suspended Growth Systems 

1, For levels of nitrogen commonly found in nitrified domestic 
waste, the rate of denltr if icat ion when expressed as the 
nitrate plus nitrite removed per unit mass of activated 
sludge is independent of the concentration of NO3+NO2-N. 

2.; Temperature sensitivity of the deni tri f icat ion process is 
essentially Independent of solids retention time over the 
range of three to nine days. 

Si The incorporation of an aerobic stabilization chamber with a 
retention time of 30 minutes will reduce leakage of residual 
methanol from the process without affecting the deni tri f Icat Ion 
rate. The settleabillty of the denitrifying sludge is 
Improved. 

ft* Nitrogen contributed by effluent suspended solids resulted 
in a mean effluent total Kjeldahl nitrogen concentration of 
1.2 mg/1 . To consistently attain a total nitrogen effluent 
requirement of I mg/1, some form of additional suspended 
solids removal will be required. 

Su pported Growth Systems 

Im Fixed bed upflow packed column reactors developing minor 

pressure gradients will exhibit non-steady hydraulic behaviour 
resulting in variable den i tri f icat ion rates. Although 
variable, significant quantities of nitrate can be removed, 

1* For packed columns of the type investigated In this study 
some form of additional effluent suspended solids removal 
would be requ i red. 



Supported growth deni tri f icat ion systems appear to be less 
temperature sensitive than suspended growth systems. 
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NITROGEN REMOVAL 
AN EVALUATION OF FULL SCALE BIOLOGICAL SYSTEMS 

by 

A.G. Smith 
Wastewater Treatment Section 
Pollution Control Branch 
Ministry of the Environment 

INTRODUCTION 

During the past decade considerable effort has been directed 
to the removal of nitrogen from sewage effluents via biological means. 
This has been a result of the international community becoming aware of 
the need for carbon, nitrogen and phosphorus reduction in sewage effluents 
to protect the ecology of the often sensitive receiving waters. 

Extensive laboratory investigations have contributed much to 
the knowledge of nitrogen reactions within activated sludge and parallels 
can be seen between biochemical exchanges that occur in soils and surface 
waters and the biological sewage treatment process. Since the biological 
process appears to offer the most economical method of treating sewage, 
particularly on a large scale, this form was chosen by many for nitrogen 
removal. Consequently, many full scale evaluations using existing or 
slightly altered conventional activated sludge plants have been initiated 
to study ni tri f ication-deni tr if ication efficiencies under varying climatic 
condi tions. 

The aim of this report is to review some the the recent accom- 
plishments using the single-stage ni tr if ication-deni tr if ication scheme for 
nitrogen removal on a full scale basis. included in this evaluation are 
studies performed by the Ontario Ministry of the Environment under partial 
financing from the Canada/Ontario Agreement Arrangement, and a survey of 
the Ministry's waste treatment facilities outlining present nitrification 
efficiencies . 

For the purpose of classification in this paper, the term "full 
scale" will apply to those facilities that process 10,000 gallons per 
day (As, 000 1/day) or more of sewage. 
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REVIEW OF FULL SCALE BIOLOGICAL PROCESS 

Wuhrmann (II) concluded in a 1963 report out of studies on 
oxygen effects on sewage puri feat ion, that regardless of oxygen con- 
centration in aeration mixed liquor, full conversion of ammonia to 
nitrate (nitrification) would not take place unless adequate hydraulic 
detention was offered in the aeration basin. Furthermore, nitrification 
did proceed well in experiments where the aeration basin dissolved oxygen 
(do) was only one mg/1 when low organic loadings and high sludge concen- 
trations (above 3000 mg/l) were utilized. Some attention was also 
focused on the possibility that individual aeration floe size and/or 
shape may have some bearing on internal floe DO levels and subsequently 
may affect nitrogen conversion efficiencies. 

Periods of anaerobiosis of aeration mixed liquors of up to 
five hours showed little effect on endogenous bacterial respiration or 
substrate utilization when returned to the aerobic state. Moreover, 
during the anoxic sequence nitrate reduction to nitrogen gas (denitrific- 
ation) took place at a high rate. From these experiments, Wuhrmann 
concluded that the efficiency of the aeration mixed liquor to metabolize 
organic materials is not deterred after a period of anoxia. 

Continuing studies by Wuhrmann (lO) Involved the application of 
a 13,300 gal/day (60.5 m /day) activated sludge plant for nitrification- 
deni tr if ication followed by clarification and clarifier sludge return to 
the nitrification basin influent (Figure 1). 

Total nitrogen removals utilizing this process arrangement 
during one year's observation ranged from 35% in winter to 90^ in the 
summer months, without the use of an external carbon addition to the 
deni tri f ication reaction basin. The hydraulic detention times (2 hours) 
and solids concentration were augmented during low liquid temperature 
periods, but nitrification and deni tr if icat ion still did not proceed 
fully. A minimum of four days sludge age was required to maintain nitri- 
fication at 10-12 C sewage temperature. 

Bishop (2) reported later on a process variation of the single- 
sludge system In which two chambers were operated alternately as aerobic 
and anoxic reaction basins for the n I tr if Icat ion-deni trI f icat ion process. 
These studies were performed over a period of nine months on a plant designed 
for 50,000 Igpd (I89 m /day) sewage flow (Figure 2), 
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The procedure involved thirty minute cycles and two aeration 
basins were alternately aerated and then mixed without air. Methanol 
was added to the process mixed liquor in the chamber between the last 
aeration basin and the secondary clarifier as an option when residual 
nitrate concentrations escaping the main aeration basins were too high. 
A conventional sludge recycle from the secondary clarifier was used 
and on occasions an Internal aeration recycle was utilized. 

Ferric chloride was added for phosphorus removal at a dosage 
of kS mg/1 to the primary clarifier flow at one stage of the study. 
Unfortunately, this treatment lowered the chemical oxygen demand-to-total 
Kjeldaht nitrogen ratio (CODiTKN) resulting in a decrease of 20^ in nitrogen 
removal efficiency. Aluminum sulphate at a dosage of 20 mg/1 was added 
prior to tertiary filtration for effective phosphorus removal during two 
months of the project. 

During the winter months, a bulking mixed liquor developed In 

the aeration basins and resultant high sludge volume indexes (SVl) 

causing secondary clarifier bulking necessitated lowering the sewage 

flow to 30,000 Jgpd (113 m /day). Secondary clarifier overflow rates 

2 
were raised from 300 to above 500 Igpd/ft by increasing sewage flow at 

the onset of warmer liquid temperatures and decreased SVI's In summer. 

The high SVI's were diagnosed to be a result of overgrowths of filamentous 

bacteria thought to be due to very low process food-to-microorganisms 

ratios (F:M's lower than 0.1 lb BOD/lb VSS) . 

Methanol as a carbon source for denl tr i f Icat ion was added to 
the process only during the summer months. A drop in nitrogen removal 
took place with this supplementation and laboratory batch studies confirmed 
that methanol caused an inhibition to the nitrification reactions. 

Overall nitrogen reduction across the biological process were 
75 to 85^ without the application of methanol. Nitrification reactions 
proceeded well when mixed liquor DO concentrations were above two and 
deni trif icatlon occurred when the air was turned off and the DO's approached 
zero. 

At Pretoria South Africa, Barnard (1) studied a 22,000 Imgpd 
(100 /day) plant for nl tr if Ication-denitrif Ication called the "Bardenpho" 
process in which four basins in series followed by clarification were used 
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for nitrogen removal. The first and third basins were operated in the 
anoxic state with the second and fourth being aerated. Sludge return 
was provided from the secondary clarifier and the second basin effluent 
back to the biological process influent (Figure 3). 

Nitrogen removals exceeding S0% were attained during an l8 
nranth study, but effluent nitrates did rise above 5 mg/l during winter 
when basin temperatures dropped below 20 C, By increasing the basin 
hydraulic detention time by one hour, increased deni tr if ication was 
obtained at liquid temperatures approaching 15 C. 

Biological phosphorus removal was observed across the process 
when deni trif ication reactions were at their maximum efficiency. This 
luxury uptake occurred in the fourth basin under aeration when the 
preceding deni tri f ication basin reactions produced a profuse orthophos- 
phate release. 

Studies on a modified extended aeration facility for nitrogen 
removal by Nicholls (5) produced excellent results on domestic sewage 
without the use of an external carbon source for deni tri f ication. Two 
plants of 6 Imgd (27 ml/day) and 18 Imgd (80 ml/day) capacities were 
studied under a liquid temperature range of 13"15 C. The physical lay- 
out of the plant is shown in Figure k. 

The technique of combined ni tri fication-deni tri f ication was 
accomplished by turning off four mechanical aerators at the aeration 
entrance. This created an anoxic zone but maintained enough mixing to 
keep the mixed liquor suspended solids in motion. This area became the 
deni tri ficat ion basin and received raw sewage as well as recirculated 
secondary clarifier sludge. Following this zone was a large extended 
aeration process. 

Suspended solids concentrations in the total basin varied 
between 2500 and 6000 mg/1 and there were no intervening walls between 
the various areas. It was shown that as the suspended solids concentra- 
tion in the basin approached 2500 mg/1 deni trif ication , reactions dropped 
severely. 

It was observed that the resultant low nitrate mixed liquor 
thickened more efficiently than the nitrified sludge. Furthermore, 
dewatering tests showed the denitrified sludge to be superior for sludge 
condi tioning. 
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Nitrate removals of 98^ and total nitrogen reductions of 85^ 
were accomplished with process solids retention times (SRT) exceeding 
30 days. An aeration basin hydraulic detention time of 20 hours was 
normal . 

Studies at the Vienna, Austria, Blumental waste treatment plant 
by Matsche (14), entailed the use of a 19.2 Imgd (86. ** ml/day) oxidation 
ditch for nitrogen removal. Nitr if ication-deni tr if ication was achieved 
simultaneously by reducing the number of operating marmioth rotors (aerators) 
along the length of two aeration channels. By manipulating the number 
and combination of rotors in operation, aerobic and anoxic pockets were 
created in various channel locations (Figure 5) ■ 

For purposes of this study, two aeration channels were connected 
In series and three rotors were usually operated in each channel. On 
occasions a fourth rotor was implemented in the first aeration channel 
to maintain nitrification at peak process loading periods. With the 
series flow configuration, the mixed liquor DO levels tended to drop to 
values below 1 mg/1 between the rotors in the first aeration channel and 
deni trif Ication proceeded rapidly. !n the second aeration channel with 
reduced sewage loading the DO changes were less abrupt and wider areas 
of less DO depletion were observed by profile sampling. 

Oxygen utilization rates of the mixed liquors were normally 
between 80 and 100 mg 0„/l/hr In the first aeration channel and fell to 
60 mg/l/hr or lower in the second aeration channel with the decrease 
-in organic loading under plug flow conditions. 

Depending on the number of rotors in use, variations In effluent 
ammonia nitrogen concentrations usually followed diurnal variations in 
process nitrogen loading. As indicated in Figure 6, effluent ammonia 
values rose to a value of 5 mg/1 by 10 a.m. then decreased gradually until 
midnight when levels were to zero order. The variations were a function 
of Influent ammonia concentration being high at mid-morning then tapering 
to values below 10 mg/1 throughout the day. 

Total nitrogen removals of up to 88% were realized with this 
process arrangement without an added carbon supplement for deni trif ication. 
Mixed liquor suspended solids ranged between 3000-7000 mg/1 over a period 
of eight months at liquid temperatures of 12-20 C. 
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The mean monthly organic loading ratio ranged from 0.11 to 0.2^1 
lb BOD/lb aeration solids/day. The SRT's ranged between eight and ten 
days and the aeration hydraulic detention time varied from 5-5 to 8.4 
hours based on mean monthly data. 

EARLY STUDIES ON M.Q.E. N ITR I FICATION-PENITRIFICATION 

Studies on biological nitrogen removal were initiated in October 

1971 by the OWRC, Division of Research prior to its integration into 
the Ministry of the Environment. The first project entailed the use of 

a 900 gallon (400 litre) deni tr i f ication reactor tanl< into which aeration 
mixed liquor was fed from the Newmarl<et Water Pollution Control Plant 
(WPCP) process (6). The Newmarket plant was receiving lime addition for 
phosphorus removal in the primary stages of the process and information 
was sought as to the possible effects of lime addition on deni tri f ication 
reactions. Nitrate removals of 80^ were achieved in the deni tri f ication 
reactor with solids concentrating to 5000 mg/1 SS or methanol -to-ni trate 
addition ratios of 3:1- These reductions were accomplished at liquid 
temperatures of 8 C with a reactor hydraulic detention time of seven hours. 
Nitrate values in the reactor effluent averaged approximately 2 mg/1 
under the above stated conditions. 

Following the reactor study, a decision was made to move into 
full scale studies using the single-sludge scheme for nitrification- 
denl tri f Ication (7). This process design was chosen for study because 
of its simplicity and easy adaptation to existing biological wastewater 
treatment facilities. Consequently, multiple stage nitrogen removal by 
either biological or physical -chemical means was not chosen for investi- 
gation. 

Alterations were made to the Newmarket WPCP in the summer of 

1972 in which two of the existing aeration basins were connected in 
series for nl tri flcation-deni tri f ication with separate secondary clari- 
fication and sludge recycle. The one remaining aeration section with a 
secondary clarifier was used as a control nitrification process; both 
sections received primary effluent from primary clarlflers which had 
received lime treated raw sewage. 
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Full scale studies were initiated at Newmarket in September 
1972 and continued until May 1973 partially financed under the Canada/ 
Ontario Agreement. 

Good nitrogen removals were attained on occasions with methanol 
addition to the deni tr if ication basin, but for the most part, both the 
control nitrification section and nitrogen removal section were plagued 
with a bulking mixed liquor. The bulking nature of the mixed liquor caused 
frequent losses of solids to the final effluent and made solids concen- 
tration in the deni tri f ication basin virtually impossible. These conditions, 
plus the lack of facilities to achieve adequate sludge return rate, prompted 
the termination of the project. 

It was felt at this time, that more information was required as 
to the control and design parameters needed to operate the single- 
sludge system for nitrogen removal. Consequently, a portable pilot 
plant was constructed for which a variety of operational choices were 
included in the design. 

Pilot plant operations were conducted at the Brampton/Ontario 
Experimental Facility (O.E.F.) and the Kleinburg WPCP during the period 
of June, 1973 to June, 197^ (8). Many operational methods for solids 
control were learned during these evaluations, in particular, the 
technique of splitting the secondary clarifier sludge return between the 
aeration (nitrification) and the deni trif ication basins. The value of a 
post-aeration section between the deni trif ication basin and the clarifier 
was also realized to produce a clearer final effluent with adequate DO 
and free of residual methanol from the deni tri ficat ion basin. 

ONTARIO EXPERIMENTAL FACILITY FULL SCALE N ITRi FICATION-DENITRI FICATIQN STUDY 

History and Facility Layout 

Immediately following the pilot plant experiments at Brampton 
and Kleinburg, a program was formulated for full scale studies using the 
single-stage, split-return scheme for ni trif icat ion-deni tri f ication. By 
this time the Brampton Chinguacousy WPCP had been officially acquired 
from the South Peel Region for the purposes of research and training and 
the Ontario Experimental Facility (O.E.F.) was established. 
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The objectives of this study were as follows: 

a) To gain day to day experience in the operation of a full 
scale, single-stage, split-return arrangement for nitrogen removal. 

b) To determine the temperature effects, if any, upon this 
process arrangement through seasonal variations. 

c) To resolve methanol requirements of the denl tr i f ication 
basin for maximum nitrate-nitrogen removal. 

d) To examine hydraulic detention times necessary for optimum 
ammonia oxidation and nitrate removal. 

Alternations were made to an existing O.E.F. plant section 
encompassing primary clarification, mechanical aeration and final clari- 
fication, capable of handling up to four million gallons per day of sewage. 
A flow diagram of the plant facility is given in Figure 7. 

Raw sewage is drawn from a trunk sewer which receives waste 
from the Town of Brampton and surrounding area. This waste can be classed 
as domestic-industrial with the industrial portion being derived from 
a variety of small to medium size companies. Sewage flows are received 
at variable flow to the plant within limits designated for process operation, 
by opening and closing a channel gate. Daily average flows can be attained 
through this plant section by maintaining the daytime flow at kO% above 
the average and allowing the nighttime flows to drop to a resultant level. 

The raw sewage receives physical treatment by means of a 
barmlnutor and grit removal system and primary clarification with the 
raw sludge wasted to the trunk sewer. Biological treatment is performed 
in a seven bay mechanical aeration chamber followed by final clarification 
and a metered sludge return system. The final effluent and waste activated 
sludge are returned to the trunk sewer to be treated downline by the 
Lakeview WPCP in South Peel. Sewage flow monitoring is provided by a 
shaped capacitance probe and associated amplifiers and chart recorder. 
This probe is inserted In the side-well of a 6-inch parshall flume situated 
in the channel between the grit removal facility and the primary clarifiers. 

One leg of the treatment plant was put into operation In November 
1973 to test the reliability of the plant equipment for future studies 
and to develop a seed nitrifying sludge. The first three bays of the 
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remaining leg were separated from bays ^, 5 and 6 by extending divider 
walls and the seventh bay was isolated via the same procedure. The aeration 
basin is comprised of bays 1 to 3 each having a ten horsepower mechanical 
aerator. Three 30 rpm mixers, formally used at Newmarket, were 
placed in bays A to 6 to facilitate slow mix den i trif icat ion basins and 
the seventh bay served as a post-aeration chamber prior to final clarifica- 
tion utilizing one ten horsepower mechanical aeration unit. This physical 
arrangement was used for the first four programs of this study but 
alterations were made to change basin volumes in subsequent programs. 

Design of Study 

The O.E.F. project has been classified into various programs, 
each entailing a minimum of six weeks process operation. The programs 
completed or in progress are outlined as follows: 

Program 1 - Basin hydraulic det. - aeration 8 hr 

- deni trif ication 8 hr 

- post-aeration 2 hr 
Mean liquid temperature of 18 C 

Program 2 - Basin hydraulic det. - aeration 6 hr 

- deni trif Ication 6 hr 

- post-aeration 1.2 hr 
Mean liquid temperature of 16 C 

Program 3 " same as program 2 only at mean liquid temperature 

of 10°C 
Program A(a) - same as program 1 only at mean liquid temperature 

of 10°C 
4(b) - same as program 4(a) only hydrogen peroxide was 

added to the process in an attempt to control 

sludge bulking 
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Program 5(a) - Basin hydraulic det. - aeration 8 hr 

- deni tr if ication 2 hr 

- post-aeration 'i hr 
Mean liquid temperature of 20 C 

5(b) - Basin hydraulic det. - aeration 10 hr 

- deni tr if ication 2.5 hr 

- post-aeration ^.8 hr 
Mean liquid temperature of 22°C 

5(c) - Basin hydraulic det. - aeration 10.5 hr 

- deni tri ficat ion 2.6 hr 

- post-aeration 5.2 hr 

No methanol was added for deni tri ficat ion during 
this sequence. 

Mean liquid temperature of 18 C 
Program 6 - Studies in progress. 

Basin hydraulic det. - aeration 10 hr 

- deni tri ficat ion k hr 

- post-aeration 2 hr 

Ferric chloride added to the post-aeration basin 

at a dosage range of 10-15 mg/1 as Fe. 

Constant Process Parameters 

The overall process parameters applied to programs 1 to 5 are 
as follows: 

(a) Aeration F:M ratio maintained at 0.15 to 0.3 lb BOD/lb VSS. 

(b) Aeration ML dissolved oxygen between 2-^ mg/1. 

(c) Secondary clarifier sludge return to basins was 100 to 200? 
of plant flow and split between aeration and deni tr if ication 
processes . 
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(d) ML suspended solids concentration in the deni tr if ication 
basin was maintained between A5OO-6OOO mg/l . 

(e) Methanol was added in an amount required to maintain less 
than 1 mg/l of NO_-N in the denltr if ication basin, 

PROJECT OPERATIONS (PROGRAMS 1 TO k) 

The ni tri fication-deni tri f ication process was initiated in June, 
1973 by transferring established aeration mixed liquor from the spare 
aeration section to the reconstructed nitrogen removal facility. After 
approximately three weelcs of observation, it became evident that there 
was considerable backflow of deni tr if icat ion ML to the aeration basin 
via the flow patterns produced by the draft-tube type mechanical aerators. 
A deterioration in nitrification reactions resulted with accompanying 
increased oxygen utilization rate. Consequently, the process was reverted 
to the spare aeration section while revisions were made to the basin 
wall divisions. The walls between the aeration and the den i tri f icat ion 
basin, and the deni tr if ication and the post-aeration basin were sealed 
with the exception of a two-foot square opening and a flap-gate. 

The nitrogen removal process was restarted in July similar to 
the aforementioned procedure and the facility operated well without 
noticeable inter-basin bacl<-mixing , throughout the various programs. 

ROUTINE SAMPLING AND ANALYSES 

(a) Twenty-four hour composite samples were taken five days per 
week of raw sewage and primary and secondary clarifier effluents. Portions 
of these composites were filtered for soluble component analyses. 

(b) Filtered composite grab samples were made of the aeration 
and deni tri float ion basins ML daily for dissolved chemical analyses. 

(c) Samples were taken to the MOE Central Laboratory Facility 
each day for a comprehensive series of chemical analyses. These analyses 
were as fol lows : 

i) Unfiltered - biochemical oxygen demand (BOD), chemical 

oxygen demand, total phosphorus, alkalinity, 
total Kjeldahl nitrogen and suspended solids. 
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TABLE I 

PLANT VOLUMES AND DETENTION TIMES 

Volumes 

Primary - (25,000 IG 

Final - 175,000 I G 

TOTAL REACTION CHAMBER - 500,000 IG 

Programs I to 4 

Nitrification Vol. - 214,000 IG 

Denitrif ication Vol. - 214,000 IG 

Post-Aeration Vol. ~ 72,000 IG 

Mean Clarifier Upflow Rates GPD/ft^ 
PI & 4 Primary - 346 

Secondary - 240 
P2 & 3 Primary - 438 

Secondary - 304 

MEAN DETENTION TIMES AND FLOWS REQUIRED 
Nitrification and Den! tri f ication 

(a) 8 hr 28,333 G/hr or 0.68 Imgd 

(b) 6 hr 35,700 G/hr or 0.86 Imgd 
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il) Filtered - inorganic and organic carbon, phosphorus and 
ammonia, nitrite and nitrate nitrogen, 

d) On-site tests needed for process control were performed 
at the O.E.F. laboratory each day as follows: 

Mixed liquor 1/2 settling tests; suspended and volatile 

solids, oxygen utilization rates and pH. 

Mixed liquor filtrates, ammonia and nitrate nitrogen. 

RESULTS (PROGRAMS 1 AND 2) 

Ni tri fi cation 



The ammonia conversion (nitrification) in the aeration basin 
averaged 75% during Program 1 with a further increase in ammonia removal 
taking place in the latter stages of the process. An average F:M ratio 
of 0.16 lb primary BOD/day/lb aeration VSS was produced and dissolved 
oxygen concentrations across the aeration basin were maintained at 2 to 
5 mg/1. Residual concentrations of ammonia nitrogen escaping the aeration 
chamber were usually nitrified in the deni trif Ication basin or the post- 
aeration bay prior to secondary clarification. Results from a sampling 
and test survey on the process revealed that aeration ammonia breakthrough 
occurred from 11 a.m. to midnight when the sewage flows were normally 
kO% above the average daily level. 

Aeration nitrification through Program 2 was surprisingly improved 
to an average of 88^ ammonia conversion. The reasons for this improvement 
are thought to be a possible increase in nitrification bacteria in the 
process sludges, or better control over peak sewage loading periods. 
Moreover, the unaccountable loss of soluble nitrogen in the aeration basin 
was ^9^ of the primary effluent as compared to 2]% in Program 1. A more 
in-depth analysis of the project data should reveal some clues as to the 
mechanisms of the increased nitrogen loss. As in Program 1, residual 
ammonia escaping the aeration basin was converted and/or lost in the 
remaining process stages. Sludge growth rate increased during Program 
2 and more frequent sludge wasting was required to maintain solids control 
in both the aeration and deni trif ication chambers. The solids retention 
times (SRT) were ^1 and 11 days in Programs 1 and 2, respectively. 
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Den? tr i f Jcat ion 

Soluble nitrogen removal (ammonia, nitrite and nitrate) proceeded 
at a high rate throughout both programs with methanol added to the denitri- 
fication chamber as a supplementary carbon source. A methanol -to-aerat ion 
nitrate nitrogen addition ratio of 1 to 2:1 was maintained in the first 
deni tr if ication bay to keep the nitrate content in the deni tr i f icat ion 
chamber below 1 mg/1. Sampling surveys along the breadth of the denitri- 
fication chamber showed that the majority of nitrite and nitrate reduction 
appeared in the first bay. 

Soluble N values of the final effluent closely approximated 
those of the deni tri f icat ion chamber, although occasionally nitrification 
or deni trif ication of residual nitrogen did occur in the secondary 
clarif ier. 

The pounds of methanol required per lb of nitrate in the 
deni trif icat ion chamber for Programs 1 and 2 were 0.9 and 1.2, respectively, 
with the methanol requirements based on total soluble nitrogen removed 
being of a similar relationship. A summary of results for Programs 1 
and 2 is given in Table 2. 

Microbiological Observation and Sludge Conditions 

A variety of protozoa were observed to populate both the aerobic 
and semi -anaerobic sludges {oAp-icLLcuui \JOfvtic.(itlci and opeAcatoAJji) during 
these programs. As the programs progressed ope/icuZa/uji became the most 
dominant protozoa and three varieties of filamentous bacteria, ^ph/ViQJJtiZLLi , 
acXA,nomyc.2X.2A and VAjyito&QAlla. , increased in numbers. The quantity of 
filamentous forms in the process sludge remained at a medium level compared 
to past observations of filamentous sludges. The sludge volume index 
(SVl) of both the aeration and deni tri f icat ion mixed liquors were consis- 
tently between 200-300 throughout both programs, tt is felt that the 
combination of filamentous bacteria content and changes in sludge 
characteristics due to anaerobic sludge detention created a poor 
settleable floe. These sludge characteristics, along with raised hydraulic 

loadings, produced bulking conditions with a resultant loss of solids to 

2 
the final effluent at clarifler loadings of more than kSO gpd/ft . Increases 

of oxygen utilization rate were observed in the deni trif ication mixed liquor 
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TABLE 2 

O.E.F. FULL-SCALE NITRIFICATION-DENITRIFICATION STUDY 

Summary of Results (Average Values) 





Program 1 


Program 2 


Measurement 


B-Hr Detention 


6-Hr Detention 


Raw Sewage 






Flow Imgpd 


0.687 


0.825 


BOD 
SS 

Tot. Kj 
Tot. P 


166 
223 
3B 
8.2 


206 
346 
40 
9.2 


Primary Effluent 






BOD 
NH -N 
SoT. TC 
Alk. 


89 
16 
99 

216 


m 
i\ 

92 
230 


Aeration Chamber 






NH -N 

NO^-N 

NO^-N 

5S^ 

VSS 


3.8 
1.0 
7.9 

231 1 

1841 


2.5 
0.4 
7.4 

2268 

1592 


Resp. Rate mg/f/hr 


i;i'- 


M 


Denitrif ication Chamber 






NH -N 

NO^-N 

NO^-N 

SS^ 

VSS 


0.8 
0.25 
1 .0 

424! 

3594 


0.8 

0.27 

1.7 

4647 

3386 


Resp. Rate mg/l/hr : 


45 


ii: 



Average Liquid Temp. C 



cont'd 
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Table 2 - cont'd 







Program 1 


Program 2 


Measurement 




8-Hr Detention 


6-Hr Detention 


Final Effluent 








BOD 




7.0 


9.6 


SS 




18 


20 


Tot. Kj 




3.1 


2.8 


Tot. P 




3.8 


4.6 


NH -N 

NO^-N 
NO^-N 
SoT. TC 




0.6 


0.6 




0.18 


0.05 




1.3 


1.2 




53 


50 


Alk. 




160 


138 


F:M ratio 




0.16 


0.24 


Methanol Addition 


lb/day 


48 


75 
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under anoxic conditions. These increases were 30 to 60^ above aeration 
basin levels for programs 1 and 2, respectively, 

RESULTS (PROGRAMS 3 AND k) 

Ni tr i f i cat ion 

Utilizing tine six hour detention mode at mean sewage temperatures 
of 10 C in program 3 did not deter ammonia conversion in the aeration 
basin as B7% efficiency was maintained. The reason for this may be that 
a more constant and slightly lower F:M ratio was being maintained, plus 
that the aeration mixed liquor dissolved oxygen levels were more uniform 
along the length of the aeration basin (Table 3}- 

A marked improvement was shown in nitrification efficiency in 
program h with the increase of aeration detention time to eight hours. An 
unaccountable soluble nitrogen loss of 'tO^ experienced in program 
3 was reduced to 23^ in program k with augmented nitrate formation. 

STR's were difficult to calculate with any accuracy in program 
3 because of sludge losses in the secondary effluent due to bulking on 
weekends caused by overnight stormwater infiltration. Flows were more 
consistently controlled during program k and a SRT of 30 days was 
computed. 
Deni trif ication 

Final effluent nitrate-nitrogen levels were maintained at about 
1 mg/1 throughout programs 3 and h at lower sewage temperatures and 
reduced methanol addition. This increase in process nitrogen removal 
can be attributed to higher MLSS concentrations in the deni tri f ication 
basin, particularly in program k, lowering the methanol requirements for 
nitrate reduction. The resultant methanol requirements for programs 
3 and k were consequently lower at respective values of 0,9 and O.k lb 
methanol to lb nitrate-nitrogen. Heightened oxygen utilization rates 
were not experienced during these programs as compared to programs 1 
and 2, possibly due to lower F/M conditons and liquid temperatures. 

HYDROGEN PEROXIDE ADDITION TO O.E.F. PROCESS 



Although excellent nitrogen, BOO and COD removals were obtained 
throughout the aforementioned programs, a persistent bulky mixed liquor 
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TABLE 3 

O.E.F. FULL-SCALE NITRI FICAT ION-DEN I TRI FICAT ION STUDY 

Summary of Results (Average Values) 



Measurement 



Program 3 

8-Hr Detention 



NH -N 

NO^-N 

NO^-N 

SS 

VSS 

Resp. Rate mg/l/hr 
Avg. I iqu id Temp. C 



0.74 
0.07 
0.97 

4723 

3784 

26.5 
10. 1 



Program 4 
6-Hr Detention 



Raw Sewage 






Flow Imgd 


0.822 


0.692 


BOD 
SS 

Tot. Kj 
Tot. P 


162 
238.8 
31 
7.1 


161 

256 
29 
6.9 


Primary Effluent 






BOD 
NH -N 
SoT. TC 
Alk. 


85 

)8 

99 

226.5 


73 
13 
96 

235 


Aeration Chamber 






NH -N 

NO^-N 

NO^-N 

SS^ 

VSS 


2.3 

0.30 
8.5 

2201 

1768 


1 .0 
0.04 
10.3 
1818 
1455 


Resp. Rate mg/l/hr 


21.4 


15.4 


Denitrif ication Chamber 







0.22 
0.07 
0.79 
5551 

4477 

23.1 
10.3 



cont'd , 
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Table 3 - cont'd 







Program 3 


Program 4 


Measurement 




8-Hr Detention 


6-Hr Detention 


Final Effluent 








BOD 




7.3 


3.5 


SS 




10 


8.3 


Tot. Kj 




2.31 


1.53 


Tot. P 




3.49 


3.23 


NH,-N 
NO^-N 
NO^-N 
SoT. TC 




.86 


.1 1 




.06 


.04 




I.I 


1.2 




50.1 


53.2 


Atk. 




134 


181 


F:M ratio 




0.19 


0.16 


Methanol add? ton 


lb/day 


63 


31 



3)k 



was experienced in all the process basins. A four hour detention mode 

had been considered by increasing the sewage flow to the process, but 

secondary clarifier overflow rates at this time could not exceed a mean 

2 
daily value of 300 gal/ft without high losses of solids from the process. 

The quantities of filamentous organisms were high and def locculat ton of 

the mixed liquor occurred under anoxic conditions; the combination of 

these factors produced aeration SV I ' s of up to 500 mg/1. 

During the month of May, 1975, hydrogen peroxide was added to 
the O.E.F. nitrogen removal process at dosages ranging from 25 to 
100 mg/1. Some improvement was shown as aeration SVI's dropped to values 
of approximately 250, but a quick recovery of high SV f was experienced 
with cessation of peroxide addition. 

During and following peroxide addition periods of one to five 
days, a rapid depreciation In nitrification and subsequently deni trif ication 
reactions occurred (Figure 8). A more in-depth discussion of this study 
Is described In a separate report by the author (9). 

PROGRAMS 5 a, b, c and 6 

Following the peroxide addition experiment, a process recovery 
period of four weeks was necessary to regain full nitrification In the 
aeration basin. This was partly accomplished by switching the process 
mixed liquor to the spare aeration basin for conventional operation. 
Physical alterations were made to the nitrogen removal facility to increase 
the volume of the aeration and post-aeration basins and decrease 
the volume for deni trif ication. The purposes of these changes were to 
stimulate process mixed liquor flocculatlon by increasing the period of 
aerobic activity prior to, and following the anoxic sequence, to evaluate 
the methanol requirements of the reduced deni tr if ication volume and 
determine the nitrogen removal efficiency of this arrangement without 
methanol supplementation. Step feeding of primary effluent to the 
first half of the aeration basin was also introduced to equalize the 
loading to the basin. 

Program 5 (a) 

A five week study initiated in late June was carried out at 
sewage flows averaging 0.833 imgpd and liquid temperatures of 20 C. 
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Figure 8 
O.E.F. H^O^ Study 
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Through this phase full ammonia conversion was accomplished at a mean 
F/M ratio of O.I8 lb BOD/lb VSS with a basin hydraulic detention time 
of 8.2 hours. 

Deni tr i f icat ion reactions did deteriorate and nitrate levels 
in the deni tri f icat ion basin approached 3.O mg/1 even with a methanol-to- 
nitrate addition ratio of 3 to 1 , and a hydraulic detention of two hours. 
Secondary effluent nitrate results showed a mean of 1 mg/l ; consequently 
a further nitrate reduction occurred either in the post-aeration or in 
the secondary clarifier sludge blanket. 

Program S (b) 

During the month of August, the sewage flows were lowered to 
0.7 Imgpd to give hydraulic detentions in the aeration and denitrifica- 
tion basins of 10 and 2.5 hours, respectively. Nitrification reactions 
in the aeration basin dropped somewhat giving ML residual ammonia values 
approaching 2 mg/1 and nitrate levels less than 8 mg/l. 

Adequate nitrate removal was also difficult to achieve as a 
mean methanol-to-ni trate addition ratio of 6 to 1 did not reduce denitri- 
fication ML values below 2 mg/1. Furthermore, an extra I mg/l of nitrate 
was added to the secondary effluent via oxidation of process residual 
ammonia in the post-aeration basin. 

Program 5 (c) 

The third phase of program 5 was run without methanol addition 
to the deni trif icat ion basin at a mean sewage temperature of 18 C and 
similar flows and basin detention to P 5 (b) . An immediate improvement 
in ammonia conversion took place In the aeration basin with the cessation 
of methanol application to the process. This suggests that a toxicity 
was being imposed upon the nitrification bacteria during the previous 
phase with the large amounts of methanol addition. 

Conversely, deni tr If icatlon was affected to a point where up to 
5 mg/l nitrate-nitrogen was realized in the deni tri f icat ion basin mixed 
liquor. Deni tri fication resulted to some degree in the secondary 
clarifier but effluent values did not fall much below k mg/l nitrate 
ni trogen. 
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A summary of results for program 5 is given in Table k. 

Program 6 

For program 6, which is now being studied, the deni tri f ication 
basin was increased to four hours and the post-aeration reduced to two 
hours detention, respectively. Ferric chloride addition has been initiated 
to the post-aeration basin in an attempt to improve clarifier sedimentation 
and obtain phosphorus removal. Early results show effluent total phos- 
phorus levels approximating 1 mg/1 with 12 mg/1 ferric chloride as Fe 
added to the process. No deterioration in nitrification or denitrifica- 
tion reactions has been observed and nitrogen reductions with minimal 
methanol supplementation are proceeding at efficiencies obtained in 
programs I to 4. A decrease in SVI is gradually being realized in the 
aeration mixed liquor. 

SCREEN CENTRIFUGE TRIAL 



The changes in facility design instituted in program 5 failed 
to make any significant difference in process mixed liquor f locculation. 
Recent studies by Ferbach and Tchobanoglous have shown that changes in 
floe characteristics plus a disturbance in interfloc filamentous organism 
network, can be achieved by using a screen centrifuge concentrator on 
activated sludge (3). Moreover, a S0% reduction in solids can be achieved 
by this unit and if it is Installed between the aeration basin outfall 
and the secondary clarifier a considerable reduction in clarifier 
solids loading will be achieved. 

During program 5 (c) a mobile screen centrifuge" capable of 
handling 100 gal/min of sewage was operated in parallel to the nitrogen 
removal facility. The unit was operated eight hours/day on deni trif ication 
mixed liquor and a comparison was made between influent and effluent 
mixed liquor characteristics. 

The results of this evaluation were quite encouraging as dramatic 
solids reduction and ref locculation occurred on processing the deni tri - 
f ication mixed liquor. Microscopic examination of mixed liquors confirmed 
the effects on filamentous organisms as experienced by Fernbach and 
Tchobanoglous and the extensive filamentous networks were disturbed and 



The screen centrifuge was made available with a member of staff by 
Sweco Canada Ltd. 
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TABLE 4 

PROGRAM 5 - SUMMARY OF RESULTS 

MEAN SOLUBLE NITROGEN MG/L 



Program Phase Primary Effluent Aeration Basin Den itri f icat ion Basin Secondary Ciarifier 



NH, 



NH^ NO NO NH NO 



NO NH NO 



NO. 



P5 (a) 
Meth./NO^ 3:1 



19 



0.89 0.79 9.9 0.56 0,12 



2.8 0.34 0.06 1.0 



1*. P5 (b) 

CS Math. /NO 6: ! 



22 



1.6 0.05 7.9 1.3 0.02 



2.1 1.5 0.1 



2.7 



P5 (c) 



IS 



0.18 0.02 II. ! 0.1! 0.07 



4.5 1.4 0.15 3.9 



Note: Alt nitrogen values reported as N 



the organisms seemed to be broken and scattered away from the floe particles 

SURVEY OF MINISTRY OF THE ENVIRONMENT WPCP's 

To complement ongoing studies on ni trif icat ton-dentri f ication, 
a data survey of existing wastewater treatment facilities was undertaken 
to determine the efficiency of ammonia conversion presently being 
accomplished. The distribution as presented in Table 5 was calculated 
from the 1973 MOE WPCP operations data. 

TABLE 5 



MINISTRY OF THE ENVIRONMENT WPCP's 1973 
DISTRIBUTION OF NITRIFICATION EFFICIENCY 
I Re suits mg/l N) 



Effluent 

NH^ 

Range 



0-3 

4-10 

II - 20 



0-3 

4-10 

I I - 20 



Effluent 


% of 


NO^ 
Range 


Plants 




Extended Aeration 




/ - 10 


44 


1 - 6 


m 


less than 1 


m 




100 


Conventiona 1 




y - 12 


m 


4-8 


» 


0-3 


m 




im: 



The data suggest that considerable nitrification Is being 
attained In Ministry plants, in particular In extended aeration facilities, 
and that possible nitrate nitrogen removal may be taking place in at least 
20% of the extended aeration plants. The quantity of data available for 
conventional plants far exceeded that for extended plants and consequently 
an accurate nitrification comparison cannot be made between these process 
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schemes. Plants using the extended aeration mode have generally been 
observed to have low ammonia effluents. 

DISCUSSION 

Evaluation of the full scale, single-sludge, ni tri f icatlon- 
deni tr if ication processes shows that total nitrogen reductions of 90% 
can be accomplished if adequate hydraulic detention time and/or adequate 
solids concentration can be maintained in the aeration (nitrification) 
and deni tri f ication basins. These reductions generally would produce 
secondary effluents containing total nitrogen of less than 5 mg/1 with 
the organic nitrogen portion being 2-3 mg/1 under ideal conditions. 
Some deterioration will probably be seen in nitrate removal when sewage 
temperatures drop below 15 C if denitrif ication solids are not maintained 
above 4000 mg/1 SS and/or methanol addition is not implemented. Most 
of the processes described in this report offered SRT's exceeding 6 
and often approaching 30 days; consequently, an active mass of nitrogen 
bacteria was probably retained within each process system. 

Present data analyses of the O.E.F. study do not indicate a 
deterioration in nitrification efficiency on moving from the eight hour 
to the six hour basin detention mode either at 20 or 10 C mean sewage 
temperature. Nitrification was affected slightly when methanol-to- 
nitrate addition ratios exceeded 3:1. 

The luxury uptal^e of phosphorus was not observed as in Barnard's 
studies (1) with a similar process; only a phosphorus release was noted 
as soluble phosphorus levels usually rose 1 to 2 mg/l in the denltriflca- 
tion stage. 

The bulking sludge constantly experienced in the O.E.F. process 

could pose problems with clarification and increased capacity may be 

required. Lowered SVI's may be achieved by the addition of ferric 

chloride for phosphorus removal presently underway through the formation 

of a higher density chemical-biological sludge. This in turn could 

improve secondary clarlfier sedimentation and allow higher overflow rates 

2 
than the maximum peak of 400 gal/ft /day attained for the filamentous 

sludge. Past experiences with these clarlfiers, even on a normal SV t 

sludge, indicate that the surface area to depth ratio (60 ft diameter/ 

10 feet deep) Is too high and under these conditons the sludge blanket 
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can be easily disturbed by accelerating flow conditions or surface wind 
action. 

A viable alternative to changes in clarifier design may be the 
incorporation of a screen centrifuge to replace the post-aeration 
section. Pilot experiments showed a marked improvement in denitrifica- 
tion mixed liquor settleabi 1 i ty along with raised DO levels using this 
device. Consequently, a full scale installation of this unit could 
improve secondary clarifier performance without chemical addition. 

The secondary clarifier effluent remained exceptionally clear 

and relatively free of colloidal material throughout all programs, with 

effluent BOD and SS frequently below 10 mg/1 as long as the overflow rate 

2 
was not allowed to exceed AOO gal/ft /day. Furthermore, soluble organic 

carbon analyses performed routinely on secondary clarifier effluent did 

not indicate methanol carryover from the deni trif icatton basin. 

A complete process cost analyses was not attempted in this report 

but out of five programs of study at the O.E.F., six hour aeration, 

four hour deni trif ication and two hour post-aeration detentions appear 

2 
to be adequate. Secondary clarification overflow rates of 300 gal/ft /day 

based on a mean daily flow would be required due to the inherent bulky 
nature of the process mixed liquor, if some way to improve sedimentation 
is not found. A possible alternative process design would be to replace 
the post-aeration basin with a screen centrifuge concentrator and 
recycle the concentrated sludge to the den i tri f ication basin. A proposal 
for a full scale installation of this type is presently being considered 
by the Wastewater Treatment Section for 1976. Cost implications 
of such an alternative would thereby be evaluated, 

A low sludge production was experienced with the O.E.F, nitrogen 
removal process, as sludge wasting was required only once or twice per 
month. This, therefore, could result in a cost saving for sludge 
treatment. Generally, the split-return, single-sludge process was simple 
to operate on a day to day basis and the man-hours required would not 
be more than a conventional activated sludge plant. Nitrate nitrogen 
levels could be easily controlled in the deni tri f ication basin by per- 
forming daily nitrate analyses using a field test kit and the methanol 
feed rate adjusted to maintain maximum deni tri f ication. Methanol require- 
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ments based on the current price of O-GS^/gallon would amount to k 

and 7^/1000 gallons of sewage treated with eight and six hour detention 

modes, respectively. 

CONCLUSIONS 

1. The single-sludge scheme for ni tr i f ication-deni trif ication offers 
an efficient and economical way of expanding existing waste treat- 
ment facilities for nitrogen removal. 

2. The single-sludge, split-return process offers consistent effluent 
total nitrogen below k mg/1 with minimal methanol addition and 
operator attention under varying climatic conditions. 

3. At low temperatures, methanol requirements can be reduced by increasing 
the deni trif ication detention time, solids concentration and resultant 
process SRT. 

^. Chemical or physical treatment may be required to produce a denser 
sludge and/or to reflocculate the deni tri f ication mixed liquor 
prior to secondary sedimentation. 

5- A process approaching the extended aeration mode of operation offers 
the opportunity of simultaneous nitrification and deni tri f ication. 

6. Approximately 60% of existing M.O.E. WPCP's require some form of 

facility alteration to achieve effluent ammonia levels below 3 mg/1. 
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INTRODUCTION 

The use of activated carbon for the adsorptive removal of 
soluble organic material from wastewaters is being investigated in 
several parts of the world. This paper is a brief summary of the 
continuing work with activated carbon being undertaken by the Research 
Branch of the Ontario Ministry of the Environment and the Environmental 
Protection Service of Environment Canada. 

Powdered activated carbon (PAC) was applied in a full size 
conventional activated sludge process prior to both primary and 
secondary clarification. PAC was also used in phys leal -chemical 
treatment processes, full size and pilot scale, in conjunction with 
chemical coagulation and clarification. Granular activated carbon 
(GAC) was applied to a secondary (biological) effluent and to effluents 
from chemical clarification processes using pressurized contact columns 
which ranged in size from five inches in diameter to five feet in 
diameter. Some experiments are complete, others are still in progress. 
In addition, experimentation on carbon regeneration is presently being 
planned and initiated. 

Figure 1 illustrates the potential applications of activated 
carbon, in powdered and granular form, to the activated sludge process. 
Granular activated carbon may be used efficiently as an adsorbent of 
residual or refractory soluble organic materials which escape the 
secondary treatment process. A filter unit preceding the adsorption 
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Figure 1 

ACTIVATED CARBON APPLICATIONS TO THE ACTIVATED SLUDGE PROCESS 



unit Is Illustrated In Figure 1; alternative scliemes may combine 
filtration witli downflow carbon adsorption or use filtration as a 
final polishing step following carbon adsorption. Powdered activated 
carbon may be applied to the wastewater stream prior to secondary 
clarification. This latter application suffers from problems associated 
with solids carry-over In the clarifler effluent and activated carbon 
reclamation from the waste sludge. 

Figure 2 illustrates the potential applications of activated 
carbon in physical-chemical treatment processes. Granular carbon may 
be used following the removal of most of the suspended solids. The 
filtration stage may not be required before carbon contact depending 
on the efficiency of upstream units. Powdered activated carbon may be 
applied to the raw sewage or in separate contact units following 
primary clarification. 

POWDERED ACTIVATED CARBON 

PAC in Conventional Activated Sludge Processes (Bolton WPCP) 

The Ontario Ministry of the Environment has, since 1973, 
been studying the use of activated carbon for soluble organic removal 
In a 0.5 MGD conventional activated sludge plant at Bolton. The 
Bolton Water PoUution Control Plant consists of two parallel 0.25 MGD 
plants and is thus easily adaptable for the performance of controlled 
experiments. The final clarifiers are rectangular [10.9 x 3.6 ^ 3-6 m 
(36 X 12 X 12 feet)] and have a 3-1 hour detention time and surface 
loading rate of 1.0 m^/m^h (580 gpd/ft^) at design flow. Powdered 
activated carbon (Aqua Nuchar A) in conjunction with a coagulant, was 
applied to one half of the plant at the downstream end of the aeration 
basin prior to final clarification. The control half of the plant was 
operated under the same loading conditions, with the same coagulant 
dose but without activated carbon. 

Process performance results at carbon doses of 25 and 50 
mg/1 and an alum dose of 150 mg/1 are presented in Tables 1 and 2. 
These results indicate that the use of powdered activated carbon 
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Figure 2 

ACTIVATED CARBON APPLICATIONS TO PHYSICAL- CHEMICAL PROCESSES 



improved the removal of soluble organic materials (measured as filtered 
BOD5 and filtered COD) but decreased the suspended solids removal 
efficiency. The lower activated carbon dose resulted in slightly 
better overall performance. Although the mixed liquor containing 
powdered carbon settled more rapidly and produced a lower sludge 
volume index (SVI) than the control mixed liquor, the mixed liquor 
containing the carbon left a greater quantity of residual or non- 
settleable suspended solids In the plant effluent. In an attempt to 
reduce the solids carry-over in the carbon treated effluent, an additional 
experiment was conducted using 25 mg/1 powdered activated carbon, 150 
mg/1 alum and 0.5 mg/1 of a cationic polyelectrolyte. The results, 
shown in Table 3, indicate that the addition of the polymer did not 
improve the removal of suspended solids and may possibly have hindered 
the adsorption of soluble organic material. 

The results obtained from the three experiments with powdered 
activated carbon addition to mixed liquor prior to final clarification, 
at doses of two to three times those estimated for tertiary granular 
activated carbon application, indicate that powdered activated carbon 
has very little beneficial effect with respect to overall process 
performance. 

PAC in Physical-Chemical Treatment (Bolton WPCP) 

The Ontario Ministry of the Environment conducted full scale 
experiments with powdered activated carbon in conjunction with chemical 
clarification at the Bolton Water Pollution Control Plant. There were 
four experimental runs: 100 mg/1 and 200 mg/1 PAC (Aqua Nuchar A) 
with alum and polymer and parallel controls without PAC or chemicals, 
and 50 mg/1 and 200 mg/1 PAC with alum and polymer and parallel controls 
without PAC but with chemicals. The alum dosage was established in 
laboratory tests to be 200 mg/1. Preliminary full scale tests in- 
dicated that the use of 1 mg/1 of a cationic polyelectrolyte was 
necessary to prevent activated carbon carry-over in the primary clarifier 
effluent. As the existing plant geometry did not permit experimentation 
with sludge recycle, parallel tests with sludge recycle were carried 



329 



TABLE 1. PAC ADDITION TO MIXFD LiquOR (BOLTON WPCP) 
25 mg/1 PAC & 150 ing/l ALUH 





BOUi, 
Total Filt. 


COO 
Total Filt. 


SS 


vss 


Phosphorus 
Total Filt. 


NO3 
H 


Treated Effluent' 


6 2 


21 14 


18 


12 


0.53 0.07 


26 


Control Efflur^nt' 


15 4 


34 28 


12 


7 


0.67 0.21 


13 


Relative 
Improvement'^ 


+60 +50 


+38 +50 


-50 


-71 


+21 +67 


-100 



TABLE 2. PAC ADDITION TO MIXED LIQUOR (BOLTON WPCP) 
50 mg/1 PAC & 150 mg/1 ALUM 





BOO 
Total 


>ilt. 


COD 
Total Filt. 


SS 


VSS 


Phosphorus 
Total Filt. 


NO3 
N 


Treated Effl uent' 


15 


4 


46 18 


30 


18 


0.93 0.19 


14 


Control Effluent! 


15 


5 


29 21 


16 


9 


0.85 0.16 


11 


Relative 

Improvement^ 





+20 


-59 +14 


-88 


-100 


-09 -19 


-27 



TABLE 3. PAC ADDITION TO MIXED LIQUOR (BOLTON WPCP) 

25 mg/1 PAC, 150 mg/l ALUM & 0.5 mg/1 POLYMER 





BOD5 
Total Filt. 


Total 


COD 

Filt. 


SS 


VSS 


Phos 
Total 


phorus 
Filt. 


NO3 
N 


Treated Effluent' 


16 


5 


39 


17 


28 


17 


0.94 


0.10 


10 


Control Effluent' 


12 


4 


27 


18 


18 


9 


0.88 


0.10 


9 


Relative 

Improvement^ 


-33 


-25 


-44 


H06 


-56 


-89 


-07 





-n 



all parameters in nig/1 

(control effluont concentration - treated effluent concentration) as a per- 
centage of the control effluent concentration 
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out in a pilot scale solids-contact type clarifier. Both the conventional 
primary clarifier [13.9 x 3.0 x 2.4 m (^5.5 x 10 x 8 feet)] and the 
pilot scale solids-contact unit were loaded at 0.55 m^/m^h (320 gpd/ft^) 
under the intermittent flow conditions created by the method of 
operation of the raw sewage pumps. 

The results of the four experiments are summarized in Tables 
^, 5, 6 and 7- Comparison of the control data to that from the PAC 
additions indicates that the majority of the effluent quality amelioration 
was attributable to the alum and polymer and not to the activated 
carbon, the exception being appreciable removal of soluble BOD5 and 
TOD at the 50 mg/1 PAC dosage. Comparison of the removal efficiencies 
for the various wastewater parameters with PAC addition (Figure 3) 
indicates that the removal of suspended parameters was improved at PAC 
doses up to 100 mg/1 but deteriorated thereafter, while the removal of 
soluble parameters continued to improve with increasing PAC concen- 
tration. The limited clarification capacity demonstrated by these 
results may possibly be improved by the use of larger polyelectrolyte 
doses. The additional solids contact time provided by sludge recycle 
in the solids-contact clarifier did not have any significant overall 
beneficial effects on the process performance. Although the pilot 
scale unit produced slightly better removals of suspended solids and 
total phosphorus than the full size conventional clarifier, the removals 
of the organic parameters were lower. None of the studies with powdered 
activated carbon addition to raw sewage in combination with coagulants 
produced an effluent quality suitable for discharge without further 
treatment . 

The use of the powdered activated carbon and coagulants 
resulted in an increase in sludge concentration relative to the 
control during the early study periods (when no coagulants were added 
to the control side of the plant) and the use of PAC caused a slight 
increase in sludge concentration compared to the coagulant treated 
control. There was also an increase in sludge pumping (as much as 
50%) during the later study periods. Typical average raw sludge 
concentrations were 8.5% to 9.2% for the carbon treated side of the 
plant and 6.1% to 8.2% for the control side of the plant. 
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TABLE 4. PAC ADDITION TO RAW SEWAGE (BOLTON WPCP) 

50 mg/1 PAC, 200 mg/1 ALUM & 1.0 mg/1 POLYMER 





Total 


BOD. 
Filt. 


Susp. 


Total 


TOD 
Filt. 


Susp. 


SS 


Phos 
Total 


phorus 
Filt. 


Raw Sewage (mg/1 ) 


90 


33 


57 


208 


116 


92 


173 


5.2 


2.8 


Primary Effluent 
(control with Alum 
& Polynior) (mg/l) 
Removal [%) 


59 
34 


35 

-6 


24 

58 


158 

24 


no 

5 


48 
48 


78 
55 


2.0 
62 


0.07 
98 


Primary Effluent 
(Carbon treated) (mg/l) 
Removal (%) 


49 

46 


25 
24 


24 
58 


153 
26 


89 
23 


64 
30 


87 
50 


1.9 
63 


0.13 
95 


Pilot Sol ids -Contact 
Clarifier Effluent (mg/l) 
Removal (%) 


57 
37 


39 

-18 


18 
68 


166 

20 


123 
-6 


43 
53 


55 

68 


1.6 
69 


0.20 
93 



TABLE 5. PAC ADDITION TO RAW SEWAGE (DOLTON WPCP) 

100 mg/l PAC, 200 mg/l ALUM & 1.0 mg/l POLYMER 





Total 


BOD5 
Filt. 


Susp. 


Total 


TOD 
Filt. 


Susp. 


SS 


Phosphorus 
Total 


Raw Sewage (mg/l ) 


105 


22 


83 


219 


102 


117 


235 


5.2 


Primary Effluent 
(Control without 
chemicals) (mg/l) 
Removal {%) 


79 
25 


37 
-68 


42 
49 


185 

16 


121 

-19 


64 
45 


81 
66 


4.0 
23 


Primary Effluent 
(Carbon treated) (mg/l) 
Removal {%) 


34 
68 


15 
32 


19 
77 


107 

51 


77 

25 


30 
74 


64 
73 


1.4 

73 


Pilot Solids-Contact 
Clarifier Effluent (mg/l) 
Removal (%) 


56 
47 


33 
-50 


23 
72 


124 
43 


101 

1 


23 
80 


73 
69 


1.2 
77 
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TABLE 6. PAC ADDITION TO RAW SEWAGE (BOLTON WPCP) 

200 mg/1 PAC, 200 mg/1 ALUM & 1.0 mg/l POLYMER 





Total 


BODr, 

Filt. 


Susp. 


Total 


TOD 
Filt. 


Susp. 


SS 


Phosphorus 
Total 


Raw Sewage (mg/1) 


131 


47 


84 


294 


193 


101 


191 


5.8 


Primary Effluent 
(control without 
chemicals) (mg/l) 
Removal (%) 


107 
18 


38 
19 


69 
18 


282 
4 


157 
19 


125 

-24 


126 
34 


5.6 
3 


Primary Effluent 
(Carbon treated) (mg/1) 
Removal (%) 


41 
69 


18 
62 


23 
73 


115 
61 


89 

54 


26 

74 


59 
69 


0.9 

84 


Pilot Sol ids-Contact 
Clarifier Effluent 
Removal {%) 


39 
70 


22 
53 


17 
80 


126 

57 


97 

50 


29 

71 


48 
75 


0.6 
90 



TABLE 7. PAC ADDITION TO RAW SEWAGE (BOLTON WPCP) 

200 mg/1 PAC, 200 mg/1 ALUM & 1.0 mg/1 POLYMER 





Total 


BOD5 
Filt. 


Susp. 


Total 


COD 
Filt. 


Susp. 


SS 


Phosphorus 

Total Filt. 


Raw Sewage (mg/1) 


90 


28 


62 


118 


47 


71 


131 


4.7 2.5 


Primary Effluent 
(Control with Alum 
and Polymer) (mg/1 ) 
Removal (%) 


52 
42 


12 
57 


40 
35 


56 
53 


27 
43 


29 
59 


65 
50 


1.5 0.12 
68 95 


Primary Effluent 
(Carbon treated) (mg/1) 
Removal {%) 


69 
23 


11 
61 


58 
6 


72 
39 


20 
57 


52 
27 


7, 

40 


1.6 0.13 
66 95 
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EFFECT OF PAC ADDtTION TO ALUM -COAGULATED PRIMARY 
CLARFICATION (Bolton WPCP) 



Figure 3 
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PAC in Physical-Chemical Treatment (Wastewater Technology Centre) 

Pilot scale studies of the addition of powdered activated 
carbon to primary clarification in physical -chemical treatment were 
undertaken during 1973, IS?'* and 1975 at the Wastewater Technology 
Centre. The results of the first phases of this study were reported 
earlier (Wei and Le Clair, 197^*). Additional phases of the completed 
study are reported herein. The objectives were to evaluate the per- 
formance of powdered activated carbon, when used with chemical coagu- 
lation and clarification, in terms of effluent quality, sludge production, 
clarification efficiency, and carbon utilization efficiency. 

The pilot plant at the Wastewater Technology Centre was 
operated at a constant sewage flow of 5-3 m^/h (20 gpm) , The clarifier 
had a nominal detention time of two hours and an overflow rate of 1.2 
m^/m^h (600 gpd/ft^). During experiments with powdered activated 
carbon addition, a stirred contact tank was placed before the rapid 
mix tank to provide contact between the activated carbon slurry and 
raw sewage. For powdered carbon recycle, the sludge was returned to 
the contact tank at various rates. A flow diagram for the pilot plant 
is included as Figure h. The experimental programme included baseline 
operation without carbon, coagulants or flocculant aids; operation 
with coagulant alone, and coagulant with a flocculant aid; operation 
with various activated carbon dosages; and operation with various 
sludge recycle rates. Standard jar test procedures were used to 
select the coagulant and flocculant aid dosages which were then held 
constant throughout the pilot plant experiments. Alum at 150 to 200 
mg/1 proved to be the optimum coagulant and an anionic polymer at 0.50 
mg/1 was selected as the flocculant aid. 

Seven experimental runs were undertaken between June 1973 
and May IS?** to investigate the effects of alum, polymer, powdered 
activated carbon (Aqua Nuchar) and sludge recycle on effluent quality 
and sludge characteristics. The results of these experiments are 
reported elsewhere (Wei and Le Clair, 197^*) but may be summarized as 
follows. The use of alum as a coagulant significantly improved clari- 
fication as compared to baseline efficiency (no chemicals). The 
removal of total BOD5, soluble TOC , suspended solids, total phosphorus. 



335 



B\C 



ALUM 



RXYMER. 







SEWAGE 



EFFLUENT 



f 

V\tfVSTE 
SLUDGE 



DETENTION TIMES AT 20 Igpm 

CT CONTACT TANK 14 min. 
RM RAPD MIX TANK 6 min. 
F1 FLOCCULATOR 1 23 min. 
F2 FLOCCULATOR 2 23 min. 
C CLARFER 120 min. 

Figure ^ 

PAG PILOT PLANT FLOW DIAGRAM (Wastewater Technology Centre) 



copper, zinc, and iron were significantly increased while the con- 
centration of aluminum in the plant effluent increased as a result of 
the carry-over of aluminum hydroxide floes with the clarifier effluent 
suspended solids. The addition of polymer caused a small but significant 
decrease in the effluent BOD5, TOC , and suspended solids concentrations. 
The addition of powdered activated carbon at 200 mg/1 without sludge 
recycle resulted in small and statistically insignificant improvements 
in total BODs and soluble TOC removals. However, the use of PAC did 
improve clarification, presumably by increasing the weight of floes; 
this improvement was indicated by significant changes in effluent 
suspended solids and phosphorus concentration and was confirmed by 
column settling tests which showed faster settling rates with PAC 
add i t ion. 

It was expected that the adsorptive capacity of the powdered 
activated carbon was not being utilized effectively under one-pass 
operational conditions and that both the carbon utilization and effluent 
quality may be improved by recycling the sludge to the plant influent. 
To test this hypothesis, further pilot scale experiments were performed. 
This portion of the PAC experimental programme was carried out between 
September 197^ and August 1975. Nine experimental runs included 
combinations of five PAC doses (0, 25, 50, 100 and 200 mg/1), and 
three sludge recycle rates (0, 5 and 15^ by volume). The alum and 
polymer doses were held constant at 150 and O.5O mg/l respectively for 
all experiments in this series. 

The influent and effluent characteristics are presented in 
Tables 8 and 9 with the respective removal efficiencies listed in 
Table 10. Response surface plots of total COD, total BOD5, suspended 
solids and soluble TOC removals are included as Figures 5, 6, 7 and 8. 
These plots indicate that the removal of total parameters was optimized 
at an activated carbon dose of 100 mg/1 and a sludge recycle rate of 
St. The removal of filtered TOC, the only soluble parameter monitored, 
indicates that the optimum recycle rate for removal of soluble organics 
was also S%, but that removal efficiency increased with increasing PAC 
concentration up to 200 mg/1, the largest dose studied. 
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TABLE 8. PAC ADDITION TO RAW SEWAGE (WTC) 
RAW SEWAGE CHARACTERISTICS 



PAC 
mg/1 


SLUDGE 
RECYCLE 

% 


TOTAL 
BOD5 


TOTAL 
COD 


FILT. 
TOC 


TOTAL 
P 


TOTAL 
Al 


SUSPENDED 
SOLIDS 








128 


350 


32 


9.1 


4.2 


286 


100 





133 


331 


29 


6.5 


0.2 


230 





5 


108 


416 


33 


8.0 


3.1 


2#l 


50 


5 


153 


473 


37 


13.5 


3.6 


421 


100 


5 


162 


633 


35 


13.0 


4.0 


448 


200 


5 


152 


409 


30 


11.3 


3.4 


345 


25 


15 


121 


348 


30 


7.8 


2.2 


224 


50 


15 


120 


368 


31 


8.1 


2.6 


343 


200 


15 


138 


466 


26 


9.0 


3.7 


345 



All data in mg/1 

Alum: 150 mg/1 
Polymer: 0.5 mg/1 
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TABLE 9. PAC ADDITION TO RAW SEWAGE (WTC) 
EFFLUENT CHARACTERISTICS 



PAC 
mg/1 


SLUDGE 
RECYCLE 

% 


TOTAL 

BOD5 


TOTAL 
COD 


FILT. 
TOC 


TOTAL 

P 


TOTAL 

Al 


SUSPENDED 
SOLIDS 








21 


84 


19 


2.2 


1.0 


34 


100 





17 


76 


20 


0.8 


0.7 


20 





5 


17 


%% 


19 


0.9 


0.5 


IS 


50 


5 


14 


54 


20 


1.0 


0.6 


21 


100 


5 


13 


54 


17 


1.3 


0.7 


12 


200 


5 


16 


m 


M 


0.5 


0.7 


n 


25 


15 


19 


67 


27 


1.6 


0.6 


12 


50 


15 


11 


62 


16 


0.5 


0.6 


13 


200 


15 


16 


75 


15 


0.5 


0.8 


25 



All data in mg/1 
Alum: 150 mg/l 
Polymer: 0.5 mg/l 
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TABLE 10. PAC ADDITION TO RAW SEWAGE (WTC) 
PERCENT REMOVALS 



PAC 
mg/1 


SLUDGE 
RECYCLE 

% 


TOTAL 
BOD 5 


TOTAL 
COD 


FILT. 
TOC 


TOTAL 

P 


TOTAL 

m 


SUSPENDED 
SOLIDS 








83 


74 


37 


76 


73 


88 


TOO 





86 


77 


27 


88 


-276 


91 





5 


88 


83 


33 


m 


m 


95 


50 


5 


90 


88 


44 


91 


84 


95 


100 


5 


89 


89 


44 


90 


84 


98 


200 


5 


85 


81 


47 


m 


m^ 


91 


25 


15 


85 


81 


8 


75 


31 


94 


50 


15 


90 


82 


38 


94 


75 


96 


200 


15 


88 


84 


42 


m 


7? 


92 



All data in mg/1 
Alum: 150 mg/1 
Polymer: 0.5 mg/1 
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Under the optimum operating conditions of 100 mg/1 PAC 
addition and S% sludge recycle rate, with 150 mg/1 alum as a coagulant 
and 0.5 mg/1 of anionic polymer as a flocculation aid, the following 
average effluent concentrations and removals were obtained: 13 rng/1 
(89^) total BOD5, 5A mg/l (89%} total COD, 17 mg/1 (kk%) soluble TOC , 
1.3 mg/1 (90?) total phosphorus, 12 mg/1 (98^) suspended solids. The 
average sludge concentration produced by the above operating conditions 
was 2,37^ suspended solids. 

Certain trends were observed in activated carbon adsorptive 
capacity utilization under the operational conditions applied. If one 
considers the average concentration of soluble TOC removed per unit of 
PAC applied (mg/1 TOC per mg/1 PAC) , the effects of both PAC addition 
and sludge recycle rate may be identified. At the 100 mg/1 PAC dosage 
the quantity of TOC adsorbed increased from O.O9 gm/gm at 0^ recycle 
to 0.19 gm/gm at 5^ recycle. This increase in effective adsorption 
capacity was caused in part by an increase in the soluble TOC content 
of the raw sewage between the 0% and 5% recycle experiments; however, 
the magnitude of the increase suggests that the use of sludge recycle 
was a significant factor. Increasing the recycle rate to 15^ slightly 
decreased the amount of TOC adsorption per unit weight of carbon, 
although this effect probably resulted in part from the lower TOC 
concentrations in the raw sewage during the 15^ recycle runs. The 
average amount of TOC adsorbed per unit weight of carbon decreased as 
the carbon dose increased as expected. This same effect may be the 
reason for the limited improvements obtained by increasing the sludge 
recycle rate from 5 to 15^. In summary, both the effluent quality and 
carbon utilization were optimized at a sludge recycle rate of 5%', the 
effluent quality was optimized at a PAC dose of 100 mg/1, but the 
lowest carbon dose favoured maximum utilization of the carbon's adsorp- 
tive capacity. 

Discussion - PAC 



The experiments on the addition of powdered activated carbon 
to primary clarification undertalcen by the Ontario Ministry of the 
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Environment at the Bolton WPCP and by Environment Canada at the 
Wastewater Technology Centre have demonstrated the potential of this 
mode of activated carbon application and the effects of varying the 
PAC dose and sludge recycle rates. in both sets of experiments it was 
demonstrated that the removal of soluble organic substances is increased 
with increasing PAC addition up to and possibly beyond 200 mg/1. 
Also, the removal of suspended solids and the total wastewater parameters 
(BOD5, COD, TOD) is maximized at a PAC dose of approximately 100 mg/1; 
PAC addition at rates in excess of 100 mg/1 resulted in slight decreases 
in the removal efficiency for these parameters. 

The Wastewater Technology Centre experiments have demonstrated 
that recycling clarifler sludge to the PAC contact tank produces 
improved removal of all wastewater parameters up to a sludge recycle 
rate of approximately 5%, but causes slightly reduced efficiencies 
when the rate is increased to 15^ of the wastewater flow. The value 
of recycling sludge was not confirmed by the Bolton experiment with a 
solids-contact type ciarifier; however, any comparison between a 
solids-contact type unit and a conventional rectangular ciarifier 
would be significantly influenced by the differences in the hydraulic 
conditions inherent within the units even when the same surface 
loading rate is applied to both units. 

It may be concluded from these studies that the use of 
powdered activated carbon in primary clarification is not a practical 
process for general application. In a study using an existing full 
size plant a low quality effluent was produced; the relatively low 
efficiency was caused In part by the lack of a sludge recycle system, 
although the extent to which sludge recycle may have improved the 
process performance is currently unknown. The operating costs were 
high as a result of activated carbon consumption since there is no 
practical process available for the separation of spent PAC from 
primary sludge to facilitate carbon regeneration and re-use. 

The PAC experiments described above involve the addition of 
carbon to raw wastewater prior to coagulant addition and with the use 
of one clarification step to remove suspended solids and spent activated 
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carbon. An alternative approach is to apply the PAC after primary 
chemical coagulation and clarification; this method has been investigated 
elsewhere. A study by Burns and Shell (1973) described the addition 
of alum, ferric chloride and lime to raw domestic sewage followed by 
PAC addition and granular media filtration. The pilot plant consisted 
of three solids-contact clarifiers and one granular media filter. Of 
the three clarifiers, one was used for chemical coagulation and the 
remaining two for addition of PAC in a counter-current sequence. 
Experiments were also carried out using one clarifier for single-stage 
powdered carbon corltacting. In another pilot scale experiment Beebe 
(1973} studied the addition of alum and polymer to raw sewage in a 
solids-contact clarifier followed by the addition of PAC in a second 
solids-contact clarifier. The results of these experiments indicate 
that there is little or no benefit to be realized in terms of effluent 
quality by separating PAC addition from chemical clarification. 
However, carbon re-use would be greatly simplified by maintaining 
separate carbon and sludge streams, providing, of course, that an 
economical method of carbon regeneration is available. 

The study of powdered activated carbon addition prior to 
secondary clarification in the activated sludge process resulted in 
little overall improvement in effluent quality. The study included 
carbon doses up to 50 mg/1 in conjunction with coagulants. The spent 
PAC was mixed with the activated sludge; therefore, this process 
would also suffer from high operational costs as a result of the 
apparent lack of a feasible PAC separation and regeneration process. 

GRANULAR ACTIVATED CARBON 

GAC in Tertiary Treatment (Bolton WPCP) 

At the Bolton Water Pollution Control Plant, studies were 
also carried out on granular activated carbon for the treatment of 
secondary effluents. A pilot scale carbon contact process was added 
to the full scale conventional activated sludge treatment plant for 
this study. The pilot scale apparatus consisted of four 18 inch 
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diameter columns operated in series in the downflow mode. The entire 
system was backwashed manually once every 2A hours of operating time. 
The performance of the carbon columns was monitored principally on the 
basis of filtered COD. The initial soluble COO concentration in the 
carbon column effluent was approximately 6 mg/1 ; the effluent quality 
deteriorated slowly to soluble COD's of approximately 11 mg/1 after 
approximately 100 days. At that time the performance of the system 
appeared to have reached an equilibrium condition where the effluent 
quality from each column remained relatively constant. 

After 60^*0 m^ (1,600,000 gallons) had been treated (130 
days) the carbon in the lead column was replaced. However, at this 
time no distinct breakthrough of COD had been observed through that 
column. Operation of the adsorption units was then continued for a 
total of 237 operating days or 11,000 bed volumes [IO96O m^ (2.9 
million gallons)] of treated secondary effluent. After the replacement 
of the carbon In the lead column the effluent soluble COD concentration 
was approximately 6 to 8 mg/1, but after the first column had treated 
6040 m^ (and columns 2 to k, 1 O96O m^) the effluent quality deteriorated 
to 8 to 10 mg/1 soluble COD. Table II presents a summary of the 
operational efficiency of the pilot scale adsorption units before arid 
after the carbon in the lead column was replaced. Since none of the 
carbon had been utilized to its ultimate capacity and since the 
adsorption process had not reached its effective operational capacity 
(the effluent was still acceptable after IO96O m^) , the ultimate and 
effective capacities of the carbon could not be determined. It was 
observed, however, that at volumes approaching 6OOO m^ the process was 
less capable of adsorbing shock organic loads than when the carbon was 
relatively fresh. As more of the adsorptive capacity of the carbon is 
utilized the adsorptive process becomes more sensitive to organic 
loading. This characteristic will result in unpredictable performance 
where shock loads are frequent and it may be necessary to change the 
carbon before Its effective capacity has been utilized. 



TABLE 11. GAC IN TERTIARY TREATMENT (BOLTON WPCP) 
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Eff. 
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Col. #3 
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- 


13 


- 
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- 


Col. #4 


Eff. 
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- 


9 


9 
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% Rem. 
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59 
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All data in mg/1 except % Removal 



GAC in Physical-Chemical Treatment (Newmarket WPCP) 

The Ontario Ministry of the Environment completed a study of 
granular activated carbon adsorption applied to a chemically clarified 
primary effluent at the Newmarket Water Pollution Control Plant (Hraseova, 
1973). The Newmarket WPCP is a 2.0 MGD conventional activated sludge 
plant incorporating phosphorus removal in the primary clarifier with 
200 mg/1 hydrated lime to approximately pH 9.5. Three five inch 
diameter columns, containing a total of 3-38 m (11.1 ft.) [18.2 kg (40 
pounds)] of 12 X ^0 granular activated carbon, were applied in series 
and downflow mode to sand filtered primary clarifier effluent. The 
carbon columns were loaded at a rate of 0.003 m^/m^h {k gpm/ft^) and 
backwashed when the total headloss reached 3'*.5 kN/m^ (5 psi). 

The activated carbon treated approximately 5,300 bed volumes 
[189 m^ (50,000 gallons)] of clarified and filtered wastewater over a 
period of 86 days. After 900 hours of operation, or 103 m^ (27,360 
gallons) of throughput, the effluent TOC concentration was observed to 
be 61^ of the influent value (Figure 9). Although there was considerable 
variation in removal efficiency, Figure 9 demonstrates a general 
tendency for the effluent quality to deteriorate gradually as the 
total quantity of treated wastewater increased. No distinct breakthrough 
was observed; the 6l^ TOC remaining level may be arbitrarily defined 
as the breakpoint for illustrative purposes, and on that basis the 
effective adsorptive capacities of the activated carbon for the 
various parameters were determined (Table 12). Plots of Percent 
Remaining versus Volume Treated for total COD, BOD5 and TOD were 
similar to that for TOC. 

The average influent and effluent concentrations and removal 
efficiencies are presented in Table 13. The high pH of the primary 
effluent being treated was assumed to be responsible for the limited 
adsorption capabilities of the process. Suspended solids and total 
phosphorus removals varied widely, but did not demonstrate a tendency 
toward reduced removals with increasing time or throughput. Phosphorus 
removal was attributed to the filtration of the calcium phosphate 
precipitate by the carbon bed. 
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TABLE 12. GAC IN PHYSICAL-CHEMICAL TREATMENT (NEWMARKET WPCP) 
ADSORPTION AFTER 900 HOURS (27,360 IMP. GALLONS) 





gm./gm. GAC 


PERCENT REMAINING 


Total TOC 


0.125 


61 


Total COD 


0.7 


40 


Total BOD 5 


0.307 


44 


Total TOD 


0.628 


60 



TABLE 13. GAC IN PHYSICAL-CHEMICAL TREATMENT (NEWMARKET WPCP) 
AVERAGE PROCESS PERFORMANCE 





TOTAL 
BODs 


TOTAL 
COD. 


TOTAL 
TOC 


SS 


TOTAL 

P 


Column Influent 


80 


172 


m 


106 


4.0 


Column Effluent 


35 


69 


26 


23 


2.2 


Percent Removal 


56 


60 


43 


78 


45 



All parameters in mg/1 except percent removal 
Clarification with 200 mg/1 lime, pH approx. 9.5 
Carbon column influent sand filtered 
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GAC in Physical -Chemical Treatment (Point Edward WPCP) 

At the Point Edward Water Pollution Control Plant, the 
Ontario Ministry of the Environment applied granular activated carbon 
to both lime and alum coagulated and clarified wastewaters. The Point 
Edward plant consists of a primary treatment process with discharge to 
the St. Clair River, 

Phase 1 of the carbon adsorption experiments consisted of 
applying primary clarifier effluent to four five-inch diameter downflow 
carbon columns connected in series. The carbon size was 12 x kO mesh, 
the total carbon depth 3.9 m (12.75 feet), the total carbon weight 
20.7 kg (^15.59 pounds), and the loading rate 0.003 m^/m^h ('4 gpm/f t^) , 
The feed was coagulated with 300 mg/1 of alum and flocculated with 
0.25 mg/1 of an anionic polymer. Backwash was performed manually when 
a head loss of 3't.5 kN/m^ (5 ps i ) was reached. The columns were back- 
washed in parallel for 30 minutes at an upflow rate of 0.005 m^/m^h 
(7 gpm/ft2). 

The average values for wastewater parameters and percent 
removals over this phase of the work are presented in Table I'*. 
Removal efficiencies demonstrated considerable variability but a 
slight trend toward reduced removal capabilities can be identified as 
shown in Figure 10 for total TOC residuals. By the end of the experiment 
(3,600 bed volumes, 180 m^, 40,000 gallons) the first column appeared 
to be nearing exhaustion since its TOD removal capacity had decreased 
to 101. At this point the total TOD removal was equivalent to 0.57 
gm/gm on column 1, 0.25 gm/gm on column 2, 0.21 on column 3 and 0.15 
on column 4. Since total TOD was being measured, some of this removal 
capacity must be attributed to filtration of organic solids by the 
carbon bed. Also, biological activity within the bed may have con- 
tributed to the TOD removal. Influent suspended solids during this 
phase varied in concentration from 21 to 116 mg/1 with an average of 
67 mg/1. The pilot scale study demonstrated that the carbon adsorption 
process could cope with such a solids load when backwashed with h.St 
of the process throughput volume at a rate of 0.005 m^/m^h (7 gpm/f t^) . 

Phase 2 of the experiments consisted of applying filtered 
primary effluent to four downflow carbon columns and four upflow 
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carbon columns. All columns were five inches in diameter, seven feet 
high, and connected in series. For the downflow (fixed bed) experiment 
ii.'i m {]k.O feet) [22.7 kg (50 pounds)] of 12 x ^0 mesh size carbon 
were used. The upflow (expanded bed) columns were charged with a 
total of 19 kg (41.7 pounds) of 8 x 30 mesh size carbon. Feed to the 
carbon adsorption units was coagulated with 120 mg/1 lime and 20 mg/1 
ferric chloride, flocculated, clarified, and filtered in a dual media 
unit. The loading rate for both sets of columns was 0.003 m^/m^h 
(4 gpm/ft2). 

Influent and effluent concentrations and removal efficiencies 
for both fixed and expanded bed experiments are presented in Table 15- 
As in Phase 1, the carbon was not utilized to exhaustion and the 
removal efficiencies derrranstrated a gradual decline throughout the run 
(Figure 11). Approximately 208 m^ (55,000 gallons) of wastewater had 
been treated by each set of carbon columns at the completion of the 
experiment C^jGOO bed volumes downflow, 5,500 packed bed volumes 
upflow) . 

Comparison of the expanded and fixed bed performances indicates 
that the fixed bed produced slightly higher percent removals and 
better effluent quality than the expanded bed. The filtration provided 
by the fixed bed was probably responsible for the additional removal 
capacity. The use of air scour prior to backwash, and pre-f 1 1 tration, 
permitted a reduction of the backwash water quantity for the fixed bed 
columns to 0.6^ of the treated water volume. However, the headloss 
over the fixed beds Increased steadily and frequent backwash I ng was 
required; flushing of the expanded beds was required less frequently. 

Comparison of the Phase 2 fixed bed performance to that 
observed in Phase 1 Indicates that the Phase 1 columns produced a 
higher quality effluent and greater percent removals. The higher 
percent removals may be attributed in part to the higher concentration 
of suspended solids In the unfiltered influent in Phase 1. However, 
both phases produced approximately the same effluent suspended solids 
concentrations. The difference in effluent quality is therefore 
mostly attributable to the difference in adsorption capacities for 
soluble materials between the two experiments. The difference In 



355 



lOOn 



90 



80- 



D0^2iFl^^ 




A ° 

a 



30- 



20- 



10- 



COAGULANT : LIME 

PRE- FILTRATION : DUAL-MEDiA 

pH : APPROX. 8.5 



Figure 11 

TOC BREAKTHROUGH 

UPFLOW AND DOWNFLOW GRANULAR ACTINWTED CARBON 
(Point Edward WPG P. Phase 2) 



40 



— r- 

50 



10 



20 30 

VOLUME TREATED (Imp. Gallons x 1000) 



TABLE 14. GAC IN PHYSICAL-CHEMICAL TREATMENT (PT. EDWARD WPCP) 
PERFORMANCE OF DOWNFLOW COLUMNS (PHASE 1 ) 





TOTAL 
COD 


TOTAL 
BOD5 


TOTAL 
TOC 


TOTAL 
TOD 


SS 


TOTAL 
P 


TURB. 
(JTU) 


TKN 


NH3 
N 


RAW SEWAGE 


1265 


288 


- 


- 


999 


24 


- 


- 


- 


COLUMN INFLUENT 


140 


70 


48 


174 


67 


3.5 


25 


27 


20 


COLUMN EFFLUENT 


23 


16 


15 


69 


11 


0.5 


4 


22 


20 


PERCENT REMOVAL 
(over carbon 
columns) 


84 


76 


69 


61 


84 


85 


84 


18 






All parameters in mg/1 except where noted 

Clarification with 300 mg/1 alum and 0.25 mg/1 polymer, pH approx. 7.0 

Carbon column influent not filtered 



TABLE 15. GAC IN PHYSICAL-CHEMICAL TREATMENT (PT. EDWARD WPCP) 
PERFORMANCE OF UPFLOW AND DOWNFLOW COLUMNS (PHASE 2) 





TOTAL 


TOTAL 


TOTAL 




TOC 


TOD 


COD 


DOWNFLOW PACKED BED 








Column Influent 


37 


160 


142 


Column Effluent 


18 


IT 


46 


Percent Removal 


51 


49 


68 


UPFLOW EXPANDED BED 








Column Influent 


37 


160 


14? 


Column Effluent 


20 


101 


52 


Percent Removal 


46 


37 


63 



All parameters in mg/1 except percent removal 

Clarification with 120 mg/1 lime, 20 mg/1 ferric chloride, pH approx. 8.5 

Carbon column influent filtered by dual -media 



357 



adsorption capacities is related to the pH of the wastewater applied, 
the higher pH of approximately 8.5 resulting from lime clarification 
in Phase 2 being responsible for a reduction in adsorption capacity. 

GAC in Physical -Chemical Treatment (Wastewater Technology Centre) 

Environment Canada has recently completed the first phase of 
a pilot scale study of independent phys ical -chemical treatment of 
domestic wastewater using the high lime process. The pilot plant, 
located at the Wastewater Technology Centre, includes chemical coagulation 
and clarification at pH 11.5, two-stage recarbonat ion, pressure sand 
filtration, and activated carbon adsorption. The carbon adsorption 
units are thirty inch diameter pressure vessels, nine feet in height. 
Two columns were operated in series in downflow mode, the first con- 
taining 272 kg (600 pounds) of 8 x 30 mesh size carbon and the second 
328 kg (720 pounds) of 1 2 x 40 size. The carbon columns were operated 
over a period of approximately three and one half months at various 
hydraulic loads. The total quantity of wastewater treated was ^4,080 
bed volumes [^725 m^ (1,250,000 gallons)]. 

Phase 1 of the study was intended primarily to monitor the 
coagulation, clarification, recarbonat ion, and filtration processes. 
Carbon adsorption was added to this stage of the study to obtain 
preliminary data and to identify operational problems. The hydraulic 
load applied to the columns was varied to accommodate studies being 
undertaken on upstream units. No activated carbon was replaced during 
these experiments. Consequently, the results obtained from carbon 
column monitoring in this preliminary study do not represent normal 
operating conditions. 

The carbon columns were lightly loaded with wastewater 
constituents as a result of the removal efficiency of upstream units. 
Over five experimental runs the average influent strength was 10 mg/1 
total BOD5, 53 mg/1 total COD, 16 mg/1 soluble TOC and 9 mg/1 suspended 
solids. The hydraulic loads imposed on the carbon beds ranged from 
0.0007 mVm^h (1.0 gpm/ft^) to 0.003 m^/m^h (4.1 gpm/ft^) under 
steady-state conditions and peaked at O.OO't m^/m^h (5.3 gpm/ft^) with 
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a diurnal loading variation. Over the duration of the five experiments 

the carbon columns produced the following average effluent concentrations 

and percent removals: 8 mg/1 (20?) total BOO5, 31 mg/l (k2%) total 

COD, 10 mg/1 (38^) soluble TOC , 6 mg/l (33%) suspended solids. Tables 

16, 17, 18 and 19 list the mean influent, effluent and percent removals 

for these and other parameters for each operating condition. Figure 

12 illustrates the change in soluble TOC removal over the five experiments. 

Grab samples taken between the two columns were used to 
estimate the performance of the individual units. The lead column was 
found to have been effectively exhausted early in the experimental 
programme and totally exhausted before the completion of the programme. 
The effective capacity of the lead column, determined by a total BOD5 
effluent concentration breakthrough in excess of 15 mg/1, occurred at 
a total throughput of 1,000 bed volumes [536 m^ (1^+2,000 gallons)] and 
corresponded to an adsorption capacity of 0.025 gram of soluble TOC 
per gram of carbon. The total capacity of the first column, as 
determined by the first appearance of consistently zero or negative 
removals, occurred after it had treated 5,A00 bed volumes [2900 m^ 
(767,000 gallons)]; the soluble TOC capacity at this loading was 
0.096 gram per gram of carbon. The estimate of total or ultimate 
adsorptive capacity may have been influenced by the 0.00^ m^/m^h 
(k.\ gpm/ft^) loading rate which was applied at 2835 m^ (750,000 
gallons) of throughput. At the end of the experiment, after ^725 m^ 
{1.25 million gallons) of wastewater had been treated, the total 
amount of soluble TOC removed by both carbon beds was O.O68 gram per 
gram of carbon (^,080 bed volumes, both columns considered). In 
comparison to the adsorptive capacity of the lead column, this obser- 
vation suggests that the total adsorption system had exceeded its 
effective capacity and was approaching its ultimate capacity when the 
experiment was terminated. The effective capacity cannot be verified 
because the influent total BOO5 did not exceed 15 mg/1 during the 
latter part of the study. However, the system may have been near 
total exhaustion as indicated by the reduced removal efficiencies and 
increased effluent concentrations of total and soluble BOD5 and 
soluble TOC in the last experimental run. 
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TABLE 16. GAC IN PHYSICAL-CHEMICAL TREATMENT (WTC) 
AVERAGE PROCESS PERFORMANCE - BOD5 



PHASE 


FLOW 
(Igpm) 


LOAD 
(gpm/ft^) 


INF. 


SUSPENDED 
EFF. 


% REM. 


DISSOLVED 
INF. EFF. 


% REM. 


INF. 


TOTAL 
EFF. 


% REM. 


lA 


10 


2.0 


- 


~ 


- 


- 


- 


14 


10 


29 


IB 


13 


2.6 


1 


3 


-200 


9 5 


44 


10 


8 


20 


IC 


5 


1.0 


3 


1 


67 


7 5 


29 


10 


6 


40 


». 


m 


4.1 


1 


1 


q: 


7 7 





8 


8 





IE 


* 




1 


1 





8 7 


12 


9 


8 


11 


lA to 


IE 




2 


1 


50 


8 7 


12 


10 


8 


20 



TABLE 17. GAC IN PHYSICAL-CHEMICAL TREATMENT (WTC) 
AVERAGE PROCESS PERFORMANCE - COD 



PHASE 


FLOW 
(Igpm) 


LOAD 
(gpm/n^) 


INF. 


SUSPENDED 
EFF. 


% REM. 


DISSOLVED 
INF. EFF. 


% W,. 


INF. 


TOTAL 
EFF. 


% REM. 


» 


"m 


2.0 


12 


7 


42 


53 25 


53 


65 


32 


51 


IB 


13 


2.6 


25 


9 


64 


42 24 


43 


67 


33 


51 


IC 


5 


1.0 


4 


4 





44 24 


45 


48 


28 


42 


ID 


20 


4.1 


8 


2 


75 


44 34 


23 


52 


35 


31 


IE 


* 




6 


2 


67 


39 29 


26 


45 


31 


31 


lA to 


IE 




9 


4 


56 


44 27 
1 


39 


53 




31 


42 



* Diurnal load variation: Max: 26 Igom, 5.3 Igpm/ft^-; Min: 2.2 Igpm, 0.4 Igpm/ft^; Avg: 9.8 Igpm. 

2.0 Igpm/ft' 
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TABLE 18. GAC IN PHYSICAL-CHEMICAL TREATMENT [^fTC) 

AVERAGE PROCESS PERFORMANCE - DISSOLVED TOC AND SUSPENDED SOLIDS 



PHASE 




FLOW 
(Igpm) 


LOAD 
(gpm/ft^) 


INF. 


DISSOLVED 
EFF. 


TOC 
% REM. 


SUSPENDED 
INF. EFF. 


SOLIDS 
% REM. 




lA 




10 


2.0 

- 


17 


S 


53 


14 


10 


29 




IB 




13 


2.5 


18 


9 


50 


9 


7 


22 




IC 




5 


1.0 


12 


7 


42 


12 


5 


5S 




10 




20 


4.1 


13 


n 


15 


7 


6 


14 




IE 




* 




17 


13 


24 


6 


5 


17 




lA to 


IE 






16 


10 


38 


9 


6 


33 





TABLE 19. GAC IN PHYSICAL-CHEMICAL TREATMENT (WTC) 

AVERAGE PROCESS PERFORMANCE - PHOSPHORUS, HARDNESS. ALKALINITY 



PHASE 


FLOW LOAD 
(Igpm)(gpni/ft') 


TOTAL PHOSPHORUS 
IMF. EFF. % REM. 


TOTAL HARDNESS 
INF. EFF. % REM. 


TOTAL al;<a,linity 

INF. EFF. % REM. 


lA 


10 2.0 


0.68 0.53 22 


259 260 


124 118 5 


IB 


13 2.6 


0.21 0,10 52 


178 172 3 


138 122 12 


IC 


5 1.0 


0.28 0.31 -11 


137 134 2 


137 134 2 


ID 


20 4.1 


0.15 0.19 -27 


135 148 -10 


94 102 -9 


IE 


* 


0.37 0.28 24 


155 150 3 


117 114 3 


lA to 


IE 


0.38 0.32 16 


175 173 1 


112 no 2 



* Diurnal load variation: Max: 26 Igpm, 5.3 Igpm/ft^; Min: 2.2 Igpm, 0.4 Igprn/ft^; Avg: 9.8 IgpTi, 

2.0 Igpm/ft^ 



200-1 



180 



160- 



FlGURE 12 

SOLUBLE TOC BREAKTHROUGH 

DOWNFLOW GRANULAR 
ACTIVATED CARBON 

(Wastewater Techno*ogy Centre) 



at 140- 



(0 

i 120- 



O 100 
O 



• • 






liJ 

_l 

O 

^ 60 



40- 




— ^ 



20- 



COAGULANT: UME 
PRE-FLTRATION : SAMD 
pH : APPROX. 7.0 



100 



200 



300 



900 



400 500 600 TOO 800 900 1000 

VOLUME TREATED {Imp. Gallons x 1000) 



1100 



1200 



1300 1400 1500 



Backwash ing of the carbon columns was performed manually at 
a pressure loss of approximately 104 kN/m^ (15 psi). The duration of 
backwash was approximately 15 minutes at sufficient flow to produce a 
6^ to 8^ bed expansion (expansion estimated from carbon manufacturer's 
data). Higher applied backwash rates resulted in rapid and severe 
reductions in the actual flow rate possibly as a result of plugging of 
the upper distribution header screens. This problem has been tentatively 
attributed to the fact that carbon fines were not manually removed 
from the bed before operation of the units. It is also possible that 
the carbon beds pi stoned to the top of the columns when backwash was 
initiated. The frequency of backwashing was determined by the rate of 
pressure loss increase which is a function of the hydraulic load and 
solids load Imposed upon the carbon beds. At hydraulic loads of 
0.0015 and 0.002 m^/m^h (2.0 and 2.6 gpm/ft^) approximately l85 m^ 
etSjOOO gallons) were treated per cycle. At 0.0015 m^/m^h (2.0 
gpm/ft^) backwashing of the lead column was required every three and 
one half days on the average; at 0.002 m^/m^h (2.6 gpm/ft^) the 
frequency was two and one half days. At the lowest sustained hydraulic 
load of 0.00075 m^/m^h (1.0 gpm/ft^) approximately 360 m^ (95,000 
gallons) were treated per cycle with a backwash frequency of 13 days. 
At the highest loading of 0.003 m^/m^h Ct.l gpm/ft^) the quantity of 
water treated per cycle and the backwash frequency were reduced to 128 
m^ (34,000 gallons) and one day. The second carbon column was generally 
backwashed whenever the lead column was backwashed although this was 
not always necessary particularly at the lower hydraulic loads. 

Hydrogen sulphide production In the carbon columns was 
observed after approximately 10 days of operation or 529 m^ (I'jOjOOO 
gallons) of throughput. In an effort to control the hydrogen sulphide 
production It was decided to promote denitrif icat ion in the columns by 
the addition of nitrate. Sodium nitrate was added to the column 
influent to produce a total NO3-N concentration of approximately 1.3 
mg/1. Within five days the sulphide gas had been eliminated. Biological 
deni tr i f Ication under anaerobic conditions resulted in an effluent 
nitrate concentration of approximately 0.3 mg/l . No attempt was made 



to reduce the nitrate dose to produce an effluent free of nitrate. 
The ammonia and nitrite contents of the wastewater were essentially 
unchanged through the carbon columns; the average effluent ammonia 
concentration (as KH3-N) was approximately ]k mg/1. 

The removal of suspended solids by the downflow carbon 
adsorption units was influenced by the applied hydraulic load as would 
be expected. A 58^ removal was achieved at a surface loading rate of 
0.00075 m^/m^h (1.0 gpm/ft^) and at the maximum sustained load of 
0.003 m^/m^h {^.1 gpm/ft^) the removal efficiency was \k%. Total 
phosphorus removal was low (average 16^) and subject to considerable 
variation. The activated carbon beds did not remove any significant 
quantity of hardness or alkalinity throughout the five experiments; 
however, the data suggests that some scale formed on, or was trapped 
by the carbon beds at low loading rates and was subsequently washed 
out at 0.003 m^/m^h [k.] gpm/ft^). 

The cumulative soluble TOC adsorption over both carbon 
columns is plotted in Figure 13. It Is Interesting to observe the 
various adsorption rates indicated by the slopes of this graph. The 
initial slope of the line was created because initially only the lead 
column was used. When the second column was added the increased M 
value caused the apparent adsorption rate to decrease. The rate 
remained relatively constant over most of the first, second and third 
experimental runs at 1.1 x 10 grams soluble TOC per gram carbon per 
litre (5 x 10 lb/lb/1000 gal); it was during this time that the 
effluent parameter concentrations remained relatively constant. At 
the 0.003 m^/m^h {^.1 gpm/ft^) loading rate the adsorption rate 
decreased as did the removal efficiency. During the diurnal loading 
experiment two observations are significant. There was a sharp increase 
in the amount of TOC adsorbed at approximately 't536 m^ (1,200,000 
gallons); this Increase in adsorption was caused by a shock organic 
load. The influent soluble TOC, which normally varied from approximately 
10 to 20 mg/1, increased to approximately kO mg/1 for a period of 
about one day, while the effluent concentration increased from approxi- 
mately 12 to 18 mg/1. Secondly, the removal rate over this experimental 
run, discounting the shock load, was lower than that experienced at 
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the previous uniform loading rate. The significance of this second 
observation could be related to the diurnal loading or to the possible 
exhaustion of the carbon. 



GAC in Physical "Chemical Treatment (Bolton WPCP) 

The Ontario Ministry of the Environment is presently carrying 
out full scale studies of granular activated carbon adsorption applied 
to the effluent of a chemical clarification process at the Bolton 
Water Pollution Control Plant. Raw sewage to which alum and possibly 
a polyelectrolyte have been added as coagulants will receive primary 
clarification and then be directed to the carbon contactor system. 
This system consists of two five foot diameter columns in series each 
containing I8I8 kg (2'tOO pounds) of carbon. Product water from the 
system is stored in a 19 m^ (5000 gallon) tank and is used to automatically 
backwash a column when the pressure drop across that column exceeds a 
preset value. The system has been operated for brief periods to study 
operational conditions and identify potential problems. During these 
periods, primary effluent without chemical conditioning was used as 
feed for the system. Results of grab samples taken with the columns 
operating at the design flow rate during start-up operations, show a 
decline in treatment efficiency even for the small volumes treated. 
The degree of treatment was inadequate to. produce secondary effluent 
quality in terms of the soluble organic parameters. Although some 
improvement in primary effluent quality Is anticipated with the addition 
of chemical coagulants to the raw sewage, the preliminary results 
indicate that a reduction of the hydraulic rate or an increase in bed 
depth may be required to achieve secondary effluent quality. 

Discussion - GAC 



The effective adsorption capacity of a granular activated 
carbon bed, under normal operating conditions, was not determined in 
any of the experiments described above. The adsorption units applied 
to a secondary effluent in the Bolton experiment did not exhibit a 
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breakthrough of unacceptable pollutant concentrations during the 
treatment of 11,000 bed volumes. The carbon columns treating a filtered 
high pH primary effluent in the Newmarket experiment could not produce 
an acceptable effluent quality, but did not produce a definite effluent 
breakthrough pattern during the treatment of 5,300 bed volumes of 
wastewater. In the first phase of the Point Edward experiment, 3,600 
bed volumes of unfiltered neutral pH primary effluent were treated 
without any indication of breakthrough. The effluent quality produced 
in this experiment was relatively good consisting of average con- 
centrations of 16 mg/1 BOD5 and 11 mg/1 suspended solids. In the 
second phase of the Point Edward experiment the feed to the carbon 
columns was filtered but the pH was raised to approximately 8.5; the 
effluent quality deteriorated relative to the first phase, but no 
definite breakthrough was observed during the treatment of 'f.SOO bed 
volumes. The carbon columns at the Wastewater Technology Centre were 
operating on a relatively high quality influent under varying hydraulic 
loads and no effluent breakthrough was identified. 

The Wastewater Technology Centre experiments with downflow 
granular activated carbon have demonstrated that shock organic loads 
increase the adsorptive capacity of the carbon by exposing it to 
higher than normal solute concentrations. This response to loading Is 
predicted by the standard adsorption isotherm test. The use of 
granular carbon as a tertiary process in the Bolton WPCP demonstrated 
that the extent to which shock organic loads influence the effluent 
quality is determined by the remaining adsorptive capacity of the 
carbon. Therefore, as a carbon bed nears exhaustion, shock organic 
loads are likely to result in unacceptable effluent quality. 

The comparison of fixed bed and expanded bed adsorption 
processes undertaken at the Point Edward WPCP indicated that expanded 
beds provide slightly less efficient removal of total parameters, when 
treating a clarified and filtered wastewater. However, the use of 
upflow beds reduces the complexity of the equipment and the operational 
expense associated with frequent backwashing of downflow beds. 

Surface loading rates of up to 0.003 m^/m^h {k gpm/ft^) in 
downflow adsorption units did not produce unacceptable headlosses or 
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high effluent suspended solids concentrations. Contact times are 
another significant factor; on an empty bed basis the contact times 
used for the Newmarket and Point Edward experiments were between 17 
and 22 minutes. Contact times in the Wastewater Technology Centre 
experiment varied widely, but the results suggested that the critical 
minimum contact time was approximately 15 minutes. Earlier laboratory 
tests resulted in equilibrium contact times of approximately ^0 minutes 
for the 8 X 30 mesh size carbon and 10 minutes for the 12 x ^0 mesh 
size (based on soluble TOC), 

The use of continuous cumulative adsorption plots may prove 
to be an effective means of monitoring carbon adsorption processes and 
predicting column exhaustion. Unlike plots of Influent and effluent 
data or removal efficiency, the cumulative X/M curve forms a recognizable 
pattern. The slope of the curve should be a function of Influent 
concentration, contact time, and the extent of exhaustion. If a 
suitable parameter Is chosen, for example soluble TOC in the Wastewater 
Technology Centre experiment, the effective exhaustion of the bed may 
be predicted. Considerable experience will be required to test the 
value of this monitoring procedure. 



COSTS 



Studies of the use of powdered activated carbon have indicated 
that the process versions studied are not feasible, although the use 
of granular activated carbon appears to be a practicable means of 
improving effluent quality. The work described in this paper was 
essentially preliminary and cannot be used to derive reliable cost 
estimates. However, Monti and Silberman (197'*) have provided cost 
Information for various processes; the following costs were extracted 
from their article, converted to Imperial measure, and recalculated to 
include 20-year amortization at an 8^ interest rate. The total costs 

of activated sludge and phys ical -chemical processes, with and without 
granular activated carbon adsorption, are plotted in Figure 1^. The 
processes assumed in this estimate are as follows: 
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1. Activated sludge estimates include conventional, 
extended aeration, and contact stabilization processes 
wi th : 

t' comminution 

degritting 

primary clarification 
5^ ae ra t i on 
"» secondary clarification 

chlorine disinfection 

- sludge disposal 

2. Physical-chemical treatment includes: 

* comminution 
••* degritting 

•^ primary clarification 

chemical coagulation and clarification 

* sand or mixed-media filtration 
!* chlorine disinfection 

sludge disposal 

3. Carbon adsorption includes: 

granular activated carbon 

- contact time of ^0 minutes 
carbon handling systems 

"* carbon regeneration 

carbon attrition of approximately 1% per cycle 
h. Nitrogen removal, as ammonia or nitrate, is not included 
in any of the costs shown. 

ACKNOWLEDGEMENTS 

The research outlined in this paper was funded in part under 
the provisions of the Canada/Ontario Agreement on Great Lakes Water 
Qual i ty . 

The authors wish to thank Mr. S. Black and Mr. N. Ahlberg of 
the Ontario Ministry of the Environment, Research Branch, for their 



370 



assistance in the preparation of this paper. Also, the plant operations 
and data analysis work performed by many people in the Ontario Ministry 
of the Environment and Environment Canada is sincerely appreciated. 



REFERENCES 

Ahlberg, N.R. and Rupl<.e, J.W.G., "Modes of Activated Carbon 
Utilization in Municipal Wastewater Treatment", Paper presented 
at the Technology Transfer Seminar on Physical -Chemical Treatment 
Activated Carbon Adsorption in Water Pollution Control, Ottawa, 197^. 

Beebe, R.L. "Activated Carbon Treatment of Raw Sewage in Solids-Contact 
Clarifiers", U.S. Environmental Protection Agency, Environmental 
Protection Technology Series EPA-R2-73- I83, 1973. 

Burns, D.E. and Shell, G.L., "Physical-Chemical Treatment of a Municipal 
Wastewater Using Powdered Carbon", U.S. Environmental Protection Agency, 
Environmental Protection Technology Series, EPA-R2-73-26A, 1973- 

Hraseova, V., "Carbon Adsorption Studies of Lime Treated Primary 
Effluent", Ontario Ministry of the Environment, Research Paper 
No. W2039, Toronto, September, 1973. 

Monti, R.P. and Silberman, P.T., "Wastewater System Alternatives: 
What are they .... and what cost?" Water and Wastes Engineering , 
Vol. 11, No. 3-6, March - June, 197't. 

Wei, N.S. and Le Clair, B.P., "A Pilot Plant Study on the Use of 
Aluminum Sulphate, Polymer and Powdered Activated Carbon in the 
Treatment of Raw Municipal Wastewater", Paper presented at the 
Technology Transfer Seminar on Physical -Chemical Treatment Activated 
Carbon Adsorption in Water Pollution Control, Ottawa, 197^. 



371 



